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ABSTRACT
Trace Element and Polysaccharide Sorption in a Lacustrine Biofîlm
by Ephraim Morris
Dr. Vernon F. Hodge, Examination Committee Chair 
Professor of Chemistry 
University of Nevada, Las Vegas
Twenty-four elements (AI, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, Ga, K, Li, Mg, Mn, Ni, Pb, 
Rb, Se, Sr, Ti, U, V, Zn, and Zr) were determined in freshwater biofilms from Lake Mead 
by inductively coupled plasma mass spectrometry and flame atomic absorbtion 
spectrophotometry. The uptake o f  polysaccharides (as glucose) was determined by ultra­
violet/visible spectrophotometry. Taxonomic identification o f  the biofilm was determined 
using a stereo and compound microscopes. Major components included the diatoms 
Cyclotella, Fragilaria, Cymbella, and Amphora. Results for both major cations and trace 
elements presented for filtered lake water and for particulates filtered from the water 
suggest that the accumulation o f the inorganic fraction o f  the biofilm is 'masked’; 
possibly by significant accumulation of the organic fraction. This is evidenced by lower 
bioaccumulation factors determined during later stages of biofilm development. This 
masking seems to be less of a factor during the winter and spring seasons. The influence 
of suspended particulates on the bioaccumulation factor of the metals could be much 
greater than the influence of dissolved species. This is evidenced by comparing the 
bioaccumulation factors calculated from data obtained by measuring the elements in
iii
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particulate matter and filtered lake water firom five I-L field samples. Calcification of the 
biofilm appears to be microbially influenced and was prevalent during the warmer 
sampling periods. Accumulations of iron and manganese in the biofilm can be attributed 
to the presence o f photo-reducing bacteria and to low concentrations of these elements in 
the surrounding water. Such elemental enrichments hint at possible photo-reducing 
reactions taking place within the biofilm involving iron (Fe (III) Fe (II)) and 
manganese (manganese oxides —> Mn (H)).
IV
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
ABSTRACT.......................................................................................................................... iii
LIST OF FIGURES..............................................................................................................vii
LIST OF TABLES...............................................................................................................viii
LIST OF PHOTOGRAPHS.................................................................................................. ix
ACKNOWLEDGMENTS...................................................................................................  x
CHAPTER 1 INTRODUCTION..........................................................................................1
CHAPTER 2 BACKGROUND...........................................................................................5
A. Biofilm Accumulation-Metals..............................................................................5
B. Solid Surface Fouling............................................................................................7
C. Environmental Impact - M etals............................................................................8
D. Environmental Impact - Biofilms.......................................................................10
E. Structure and Physiology of Biofilms................................................................12
F. Physical Properties of a Biofihn........................................................................ 14
G. Chemical Properties o f a Biofilm.......................................................................15
H. Biofilm Thickness and Density.......................................................................... 16
I. Biofouling Control Methods..............................................................................20
J. Chlorine and Biofouling Control........................................................................22
K. Alternative Chlorine Anti-fouling Agents........................................................ 24
CHAPTERS EXPERIMENTAL....................................................................................... 26
A. Materials and Equipment................................................................................... 26
B. Sampling Methods and S ite ...............................................................................29
C. Estimation of Microfouling Biomass................................................................ 32
D. Estimation of Total Attached Polysaccharides................................................. 33
E. Digestion Techniques (Major Cations and Trace Elements)........................... 35
F. Standards and Calibration Results.....................................................................36
G. Suspended and Dissolved Particulates............................................................. 39
H. Dilution of Sam ple.............................................................................................40
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 4 RESULTS AND DISCUSSION.................................................................41
A. Biofilm Composition and Identification............................................................41
B. Elemental Concentrations o f Suspended and Dissolved Particulates..............43
C. Bioaccumulation Factors o f  24 Elements......................................................... 44
D. Estimated Attached Biomass and Total Polysaccharide (Glucose)..................49
E. Calcification of the Biofilm .................................................................................53
F. Biominerization of Manganese and Iron.............................................................57
G. Molecular Accumulation Patterns - Total Polysaccharide v. Literature 63
H. Elemental Accumulation Patterns - Trace Elements v. Literature...................65
CHAPTER 5 CONCLUSIONS.......................................................................................... 68
APPENDIX I-DATA............................................................................................................71
APPENDIX n-DEFINmONS............................................................................................ 83
APPENDIX m-NOMENCLATURE................................................................................... 85
REFERENCES.....................................................................................................................87
VITA.......................................................... :..........................................................................93
VI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Figure 1 General Map of Lake M ead.................................................................................. 3 1
Figure 2 Map of the Las Vegas Wash and Las Vegas Bay................................................31
Figure 3 Variations in Microfouling Biomass................................................................... 49
Figure 4 Variations in Biofilm Polysaccharide...................................................................50
Figure 5 Calcification of the B iofilm .................................................................................. 55
Figure 6 Manganese Uptake of the Freshwater Biofilm.................................................... 58
Figure 7 Iron Uptake of the Freshwater Biofilm................................................................ 59
vn
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF TABLES
Table 1 Frequently Investigated Biofilm Microorganisms.................................................. I
Table 2 Examples o f Microbial Heavy Metal Accumulation..............................................5
Table 3 The E.P.A. Contaminant Inorganic Species............................................................ 9
Table 4 Effects and Concerns of Biofilms on Rate Processes........................................... 11
Table 5 Previously Reported Biofilm Thickness and Densities......................................... 19
Table 6 Alternative Chlorine Anti-Fouling Agents........................................................... 25
Table 7 Sampling Calendar and Water Temperature Ranges............................................29
Table 8 Calibration Results for Polysaccharide Experiments............................................36
Table 9 Calibration Results for Analysis of Major Cations........................................ 36, 37
Table 10 Calibration Results for Trace Elemental Analysis..............................................38
Table 11 Concentrations o f Elements in Water Samples...................................................43
Table 12 Bioaccumulation Factors for 24 Elements - Autumn Biofilms.........................45
Table 13 Bioaccumulation Factors for 24 Elements - Winter Biofilms........................... 46
Table 14 Bioaccumulation Factors for 24 Elements - Spring Biofilms............................ 47
Table 15 Weekly Percent Composition o f  Polysaccharides (as glucose) in Seasonal
Biofilms.................................................................................................................. 52
Table 16 Total Composition of Polysaccharides (as glucose) in Seasonal Biofilm s.......52
Table 17 Weekly Dry Weight Percent Composition of Calcium in Seasonal Biofilms ..56
Table 18 Total Dry Weight Composition o f Calcium in Seasonal Biofilms....................56
Table 19 Weekly Dry Weight Percent Composition of Iron and Manganese in Seasonal
Biofilms................................................................................................................. 61
Table 20 Total Dry Weight Composition o f Iron in Seasonal Biofilms........................... 61
Table 21 Total Dry Weight Composition o f  Manganese in Seasonal Biofilms............... 61
Table 22 Summary o f Polysaccharide Uptake in Freshwater and Marine Bio film s........63
Table 23 Stunmary o f the Elemental Uptake o f Lake Mead (NV), Adriatic Sea
(Yugoslavia), and the Scripps Institute of Oceanography (CA) Biofilm s........66
Table 24 Uptake of Biomass (Figure 4), Polysaccharides-as glucose (Figure 5), and
Calcium (Figure 6) in pg/cm^...............................................................................71
Table 25 Uptake of Manganese (Figure 7) and Iron (Figure 8) in pg/m^.........................72
Table 26 Concentrations of Elements - Summer Bead Samples.......................................73
Table 27 Concentrations of Elements - Autumn Bead Samples........................................74
Table 28 Concentrations of Elements - Winter Bead Samples..........................................75
Table 29 Concentrations of Elements - Spring Bead Samples.........................................76
Table 30 Concentrations o f Elements - Bead Method Blanks...........................................77
Table 31 Concentrations o f Elements - Suspended Particulates........................................78
Table 32 Concentrations o f Elements - Dissolved Species................................................79
Table 33 Concentrations of Elements - Particulate Method Blanks................................. 80
Table 34 Sampling Protocol for Inorganic Digestions.......................................................81
Table 35 Estimated Attached Biomass - Bead Samples....................................................82
Table 36 Lake Water Temperatures.....................................................................................82
vm
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF PHOTOGRAPHS
Photograph I Sampling Area - Private D ock.................................................................... 29
Photograph 2 Sampling Area - Bead Immersion.............................................................. 30
Photograph 3 Filtering Apparatus......................................................................................39
Photograph 4 Freshwater Fouling Diatom genus Cyclotella............................................ 41
Photograph 5 Freshwater Fouling Diatom genus Fragilaria............................................ 41
Photograph 6 Freshwater Fouling Diatom genus Cymbella..............................................42
Photograph 7 Freshwater Fouling Diatom genus Amphora...............................................42
Photograph 8 Freshwater Fouling Diatoms genera Amphora and Fragilaria ................42
IX
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGMENTS 
I would like to start by acknowledging my fiancee and my parents, whose patience and 
support over the years will never be forgotten.
I wish to sincerely thank my advisor. Dr. Vem Hodge, whose guidance, expertise, and 
encouragement were instrumental in accomplishing this project.
In addition, I would also like to acknowledge Dr. Brian Johnson, whose flexability will 
always be appreciated.
I would also like to thank the following professors for their expertise in editing and 
sharing their ideas about this project:
Dr. David Emerson 
Dr. David James 
Dr. Spencer Steinberg
I also wish to thank the following professors and staff for their technical and instrumental 
support:
Dr. Klaus Stetzenbach 
Dr. Peter Starkweather 
Ms. Ciaxia Guo 
Mr. James Cizdziel
And a special thanks to Joyce DuVall for her ‘taxi service’ to and from Lake Mead, 
Juanita Lytel for accomodating the many needs I had over the past two-plus years, and 
The University o f Nevada, Las Vegas Graduate School Association for helping in 
financing this project.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1 INTRODUCTION
Freshwater or marine biofilms consist o f the following: (I) microorganisms (e.g., bacteria 
and diatoms), (2) fecal waste, (3) inorganic mineral precipitates, and (4) particulate 
organic matter (POM). Typical homogeneous biofilms consist o f a singular microbial 
species and are most often reproduced using an incubating fouling reactor system. 
Examples of such species are Pseudomonas aeruginosa, Klebsiella pneumoniae, and 
Pseudomonas putida. Table 1 lists many commonly investigated biofilm organisms 
(bacterial and diatomic species).
____________ Reference__________ Organism__________ Application_________
Callow Amphora Anti-fouling
Murga et al.^ ^^  ^ K  pneumoniae Biofilm Thickness
P. aeruginosa
Banks et al.^ *^^  P. putida Deposition rates
Hyphomicrobium sp
____________ Bhosle et al.^ ^^ _^_____Thalassoisira sp. Fucose conc.________
TABLE 1. Frequently Investigated Biofilm Microorganisms
Biofouling, which is the accumulation of biofilms, imposes a significant cost on 
society. In the boating industry, for example, biofouling causes hull roughness leading to 
increased frictional resistance and an increase in fuel consumption.^^ Removal of fouling 
necessitates expensive dry-docking and out o f service periods for the shipping industry.
1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Loss in efSciency o f other offshore machinery such as buoys, pilings, platforms, and a 
variety of offshore piping systems and related offshore equipment is of equal concem/^^ 
Other equally related costs include: (1) increased energy needs in pumping systems, (2) 
decreased efficiency in heat exchangers, (3) early equipment failure due to biocorrosion,
(4) decreased life expectancy of equipment due to harsh biofouling control procedures,
(5) aesthetic degradation of products, and (6) increased health risks to both aquatic and 
land organisms/*^
The effects o f microorganisms on the corrosion o f various metals and metal-alloys 
in soil and aquatic environments have been known since the early part o f the century 
Also known for several decades is that biofilms begin to form on structural metals, alloys, 
and many solid surfaces within minutes of immersion in natural waters, initially through 
the adsorption of a non-living conditioning film/^^ The conditioned film is then 
colonized by a variety of microorganisms in addition to the accumulation o f organic and 
elemental particulates/^^ Organic particulates are predominately composed of 
polysaccharides (predominately as glucose), proteins, lipids, and nucleic acids. Elemental 
particulates are comprised o f radionuclides (e.g., uranium, plutoniiun, and polonium), 
metabolically reduced elements (e.g., iron, manganese, and copper), and major cations 
(e.g., calcium, sodium, potassium, and magnesium).
Most studies involving solid surface biofouling investigate ‘sorption’ behavior or 
preventative treatments. Sorption studies include organic and inorganic biofilm 
composition. Common sorption mechanisms include processes such as microbial activity, 
photolysis, and inorganic reactions - especially those involving electron transfers.^^^
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Examples of preventative treatments are: (1) low-level electrical fields/^ (2) 
tributyl tin coatings/*^ (3) copper and copper alloys/’  ^ (4) the synergistic use of copper 
and chlorine/^°^ and (5) hydrogen peroxide/"^ Each of these, along with many other 
control methods, has its discrete advantages and disadvantages along with specific 
toxicity characteristics.
Recent marine studies have documented that trace metals (including 
radionuclides) and natural organic species (including simple sugars) accumulate or 
concentrate within biofilms in contrasting manners.^^^’^ ^^’^ *^ ’^^ ^^ ’^^ '^*^ While previous studies 
have reported linear uptakes of trace metals and total dissolved inorganic accumulation 
with time, there have been exceptions.^^^’^ *^ ’^^ *'*^ Similarly, there have been contrasting 
views on the concentrating characteristics of various natural organic species.^ ® ’^^ ^^^
Previous studies have reported the linear accumulation of plutonium, polonium, 
and uranium on glass surfaces suspended from the La Jolla Pier (La Jolla, CA) over a 30- 
day period. '^^  ^ In particular, there was a direct linear relationship between exposure 
periods and the amount of species uptake from the seawater per unit surface area 
(polonium accumulation: ~0 atoms at days 1-3 to 140 atoms cm’^  at day 26). Another 
marine study (La Jolla Pier, CA) involving the uptake of both particulate gold and 
dissolved proteins provided continuous and nearly linear accumulations for an immersion 
period o f 30 days.^ ^^  The authors concluded that the formation of biofilms is a dynamic 
process continuing over a minimum of three weeks. Simultaneous scavenging of metals 
and organic molecules in both dissolved and particulate forms have also been noted 
during biofilm accumulation.^^ Another study concluded that a linear relationship
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between CaCOg accumulation and time, during a 24 week immersion period, existed 
during the summer months o f 1991/***^  Additional data regarding the total inorganic 
weight within the marine biofilm also followed this trend/*^^
A recent study involving carbohydrate accumulation in marine biofilms off the 
coast o f India on aluminum and stainless steel panels documented contrasting results 
from previous polysaccharide accumulation experiments/'^^ The authors reported a non­
linear decrease (after initial accumulations) in both microfouling biomass and total 
carbohydrate content during a four week immersion period. These findings were in 
contrast to earlier studies that suggested a non-linear increase in microfouling biomass 
with immersion period.^’  ^ The authors suggested that the observed decrease in biomass 
was due to the following: (1) absence of the growth of adsorbed organisms, (2) decrease 
in biofilm production rates, (3) desorption of adsorbed organisms, (4) shearing and/or 
sloughing o f adsorbed material and (5) grazing by marine organisms.
The goals o f this project were to: (1) biologically identify the freshwater biofilm 
using microscopy techniques, (2) determine elemental concentrations of suspended 
particulate and dissolved species from water samples using atomic absorbtion 
spectrophometery and inductively coupled mass spectrometry, (3) establish 
bioaccumulation factors for 24 targeted elements, (4) estimate attached biomass and total 
polysaccharides from a sub-set of fouled beads using ultra-violet/visible 
spectrophotometry, (5) investigate the calcification (C a ^  and biomineralization (Mn and 
Fe) of the biofilm, and (6) compare molecular and trace elemental uptake data obtained 
from this project with published data from marine experiments.
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CHAPTER 2 BACKGROUND
A. Biofilm Accumulation - Metals
Microorganisms, including bacteria and diatoms, accumulate heavy metals firom 
their external environment. Table 2 lists some specific uptake characteristics that exist 
between a particular microbial species and the predominantly accumulated element for 
that species.
ORGANISM________:________ELEMENT
Bacillus cereus Cadmium
Pseudomonas aeruginosa Uranium
Mixed culture Copper
Mixed culture Silver
Bacillus sp. Lead
Copper
Zinc
Thiobacillus ferrooxidans____ Silver
Table 2. Examples o f Microbial Heavy Metal Accumulation. Reference ^
Previous work has documented a relationship between the elevated uptake of uranium 
and lead within biofilms containing large amounts of the genus Baciliaria.^^^^ The diatom 
Amphora has been known to colonize on copper anti-fouling coatings, thus internally 
concentrating the element. '^* '^ Amounts o f accumulated heavy metals can be large and 
often are toxic to an aquatic organism i f  ingested. Moreover, through natural detachment
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processes (e.g., shearing and sloughing), these organisms can be re-released into the 
aquatic environment containing elevated levels o f toxic metals.
There are two primary mechanisms by which bacteria and diatoms develop a 
‘tolerance’ to elevated levels of non-essential or toxic metals in a marine or freshwater 
environment: active or passive accumulation.^^^ In active accumulation, metal 
transformations are carried out by metabolically active cells. In passive accum ulation, 
metals are transformed by physical-chemical actions not necessarily requiring 
participation by living biofilm cells.^^^ In general, active metal accumulation depends 
mostly on energy expenditure and includes processes such as: (1) precipitation, (2) extra- 
or intercellular accumulation and complexation, (3) oxidation and reduction, and (4) 
méthylation and d é m é th y la tio n .Conversely, passive metal accumulation of metals 
occurs when (1) a soluble metal is chelated by a substance excreted by a microbial cell, or
(2) a metal binds to a cell surface by physical-chemical reactions.'^^
There are many examples of bacteria and/or diatoms accumulating specific 
elements for metabolic reasons. Various types of bacteria can oxidize manganese (Mn^^ 
and/or iron (Fe^^ to yield energy for cells. Aerobic and anaerobic reduction o f Cr(VI) by- 
bacteria have also been demonstrated; for example, Cr(VI) reduction to the less toxic 
Cr(ni).^^^ Copper has been known to be oxidized in the presence of bacteria 
(Thiobacillus ferrooxidans) so that monovalent copper is oxidized to divalent copper. 
Multivalent metallo-ions (Mg^^, Ca^ ,^ and Sr^^ are widely acccumulated by bacteria to 
cement cells together by salt-bridging.^^ ' Monovalent ions (Na^and are also 
widely accumulated to increase surface hydrophobicity and strengthen cellular bridging.
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B. Solid Surface Fouling
The term ‘fouling’ refers to the undesirable formation of inorganic and/or organic 
deposits upon surfaces/^^^’^ *^^  Several types of fouling, and combinations therein, may 
occiu* in an aquatic system: (1) crystalline or precipitation fouling, (2) corrosion fouling,
(3) particulate fouling, (4) chemical reaction fouling and (5) biological fouling or 
biofouling/^’^ *^^  Biofouling, which is the type o f fouling investigated in this project, 
results from (1) the development of a biofilm consisting of microorganisms and their 
products (microbial fouling), (2) deposition and growth of macroorganisms (e.g. 
macroalgae, barnacles, and mussels), and (3) various detritus.^^^^’^ *^^
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c . Environmental Impact - Metals
Historically, metals have been discharged into bodies of water on the assumption 
that they would either be diluted to nontoxic levels or form non-biologically active 
complexes in the sediments/^^ In the early 1960’s, this assumption was shown to be false 
when methylated mercury, later discovered in sediment bacteria, was released into 
Minamata Bay, Japan, via factory effluents. The mercury compound accumulated in fish 
and shellfish which were in turn eaten by local inhabitants. As a consequence, by 1975, 
115 people had died and many more were left paralyzed.^^^ This incident focused 
attention on the destructive effects that can occur when heavy metals are released in an 
aquatic enviromnent.
When metals enter an aquatic environment, a number of complex events occur. 
Metals can bioaccumulate into sediments or remain in the water columns. If they remain 
in the water column a strong possibility exists that metals will accumulate into a biofilm. 
Such bioaccumulation is controlled by various physical, chemical, and biological 
spéciation of the aquatic ecosystem, such as (1) the composition of the effluent waters, 
(2) salinity, (3) pH, (4) Eh, (5) temperature, (6) microbial activity, and (7) nature of the 
biota.
Metals can enter an aquatic ecosystem by either a natural pathway or a 
‘contaminant’ pathway. Natural sources include metals in the earth's crust entering via 
rain, land erosion, volcanic activity, or wind blown dust.^^^ The amount of certain metals 
entering firom natural sources is now exceeded in many aquatic systems by contaminant 
or man-made entiy sources in turn creating highly elevated metal concentrations in
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sediments and biofilms.^^ According to the most recent National Primary Drinking 
Water Standard Listing published by The United States Environmental Protection 
Agency, there are fifteen classified elemental c o n t a m i n a n t s Table 3 lists such 
contaminants along with pertinent environmental information.
Contaminant MCL fnob) Health Effects Sources
Antimony 6 Cancer Electronics and ceramics
Arsenic 50 Skin, Nervous 
system toxicity
Natural deposits and electrical 
waste
Barium 2000 Circulatory 
system effects
Natural deposits, coal, and 
pigments
Beryllium 4 Bone and lung 
damage
Electronics and aerospace
Cadmium 5 Kidney disease Natural deposits, pipe corrosion, 
and paints
Chromium 100 Liver and Kidney Natural deposits, mining, and 
pigments
Copper 1300 Gastrointestinal
irritation
Natural and industial deposits
Lead 15 Kidney disorders 
Nervous System
Natural and industrial deposits
Mercury 2 Kidney, Nervous 
System disorders
Natmal deposits and batteries
Nickel 100 Heart and Liver 
Damage
Metal alloys and chemical products
Selenium 50 Liver damage Natural deposits, mining, and 
smelting
Thallium 2 Kidney, liver, 
brain, intestinal 
disorders
Alloys, glass, and electronics.
Uranium 20 Cancer Natural deposits
MCL = Maximum concentration level
Table 3. The E.PA. Contaminant Elements. Source: References 39.46.47
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D. Environmental Impact - Biofilms
From 1993 - 1994 a bacterial infection afflicted hundreds of asthmatics 
throughout the United States, resulting in the deaths o f 100 people/^'*' It was later 
discovered that these people had been treating their asthma with the same type of 
albuterol inhalant, and investigators suspected that the infection could be traced to the 
manufacturer's processing tank. Although the tank had been previously disinfected, it was 
apparent that this standard treatment failed to eliminate this bacterium.
This deadly outbreak was the result of the presence of a particular species of 
bacteria. Pseudomonas aeruginosa (PA), which was found to be floating in the 
manufacturing tank.'^^  ^ It is now known that this species, aside fi-om causing pneumonia, 
is the predominant bacteria found in many forms o f biofilms. This bacteria is also known 
to resist many chemical disinfectants, antibiotics, and the human immune system.^"'*'
Another area of concern regarding the impact of biofilms on humans is in tooth 
decay. Dental plaque is the most common biofilm that exists in the human body, resulting 
in millions of dollars being spent on its removal. Another area of concern regarding the 
interaction of biofilms and humans is the adherence o f biofilms to contact lenses. In 
order to prevent biofilms firom contaminating the human body via exposure firom contact 
lenses, a vigorous cleaning method must be employed on a daily basis.
Biofilms also have an impact on many commercial/man-made devices. Anaerobic 
bacteria, a major component of a biofilm, are extremely corrosive.^ '^^  ^For example, they 
corrode pipes through the reduction of sulfiir to hydrogen sulfide and metal via 
oxidation.^^^  ^ The most commonly affected commercial devices are often underwater
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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piping systems, buoys, sonar domes, and boat hulls. In isolated cases, biofilms have been 
known to serve as conductors, resulting in the interference of electronic signals with 
computer chips.^^^ Table 4 lists the various effects of biofilms on different processes.
Effect Process and Results Primary Concerns
Heat transfer reduction Biofilm formation on condensor 
tubes and energy losses
Increase in fluid frictional Biofilm formation on ship hulls;
resistance increased fuel consumption
Mass transfer and chemical Biofilm formation/detachment
transformations in drinking water systems
Biofilm formation on teeth; 
produces dental plaque
Attachment of microbial cells 
to animal tissue; disease in lungs, 
and intestinal and urinary disorders
Biofilm formation in industrial 
production processes; reduces 
product quality
Detachment of pathogenic organisms Public health 
from biofilms in cooling towers___________________
Power industry 
U.S. Navy
Shipping industry 
U.S. Navy
Utilities 
Public health
Dental health
Human health
Paper industry
Table 4. Effects and Concerns of Biofilms on Rate Processes. Source, Reference ^
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E. Structure and Physiology o f Biofilms
Biofilm development is the net result of the following physical, chemical, and 
biological steps: (1) transport of organic molecules and microbial cells to a wetted 
surface, (2) adsorption o f organic molecules to the wetted surface resulting in the 
formation of a conditioned surface, (3) adhesion o f  microbial cells to the conditioned 
surface, (4) metabolism by the attached microbial cells resulting in more attached cells, 
and (5) detachment of portions of the biofilm .^ ’^ *^^
In step one, molecules and cells with a size range less than 0.01-0.1pm rapidly 
adsorb to the solid surface, thus resulting in the adsorption of an organic film.^^^’^ *^^  This 
step is also the rate-controlling step for biofilm development. In step two, the initial 
formation of an organic monolayer occurs within minutes o f exposure to the underlying 
film (conditioning phase).^^^’^ *^^  This organic monolayer may be composed o f large 
amounts of polysaccharides and glycoproteins. Upon the formation of the underlying 
monolayer, the biofilm growth rate can now be as high as 0.45nm/minute with maximum 
accumulation approximately Shortly following the conditioning phase,
bacterial adhesion begins (step 3). Prior research suggests a two-stage adhesion process: 
(I) reversible adhesion followed by (2) irreversible a d h e s i o n . T h e  term reversible 
adhesion refers to a weak cell adhesion which can be easily removed, while irreversible 
adhesion is a permanent cell bonding process. Cells that form during the irreversible stage 
have to be removed by chemical or mechanical means.^^’^ *^^  The fourth step, metabolism 
of attached microbial cells, is responsible for cell growth and multiplication. This 
reproduction is accomplished without changing the underlying internal structure, thus
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consuming internal e n e r g y T h e  fifth and final stage in biofilm production is 
macroscopic biofilm detachment. This process, categorized as shearing and sloughing, 
refers to (1) the continuous removal of small portions o f the biofilm (rate o f detachment 
increases with increasing biofilm thickness) and (2) the massive removal of biofilm 
attributed to either the nutrient or oxygen depletion within the underlying layers or to a 
change in the immediate environment of the biofilm. Sloughing fi-equently occurs 
in thicker biofilms that develop in nutrient-rich environments.
Within biofilms, bacteria adhere to surfaces via extracellular polymeric fibers 
which extend fi-om the cell surface to form a tangled matrix of extracellular polymer 
substances (EPS). The EPS are formed during the third stage of the biofilm formation 
process as discussed in the previous section (see primary bacterial adhesion stage). These 
polymeric substances are primarily composed of monosaccharides and proteins. They are 
responsible for conserving and concentrating enzymes needed for molecular ingestion. 
The biofilm surface is highly adsorptive, partially due to its polyelectrolyte nature, and 
can collect significant quantities of silt, clay, and other detritus in natural waters.^"^^’^ *^^  
Physical and chemical properties of a biofilm are dependent on the aquatic environment 
to which the attachment surface is exposed.^^^’^ *^^  As bacterial and molecular colonization 
proceeds, gradients develop within the biofilm and average biofilm properties 
change.^ ^^ *^ *^^
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F. Physical Properties of a Biofilm
Relevant physical properties o f a biofilm can be divided into two categories: (1) 
thermodynamic properties, and (2) transport properties.
Thermodynamic properties are described in terms of volume, mass, and density. 
In turbulent flow environments, wet biofilm thickness seldom exceeds 1000|im, while the 
mass density (which reflects the attached mass/unit wet biofilm volume) is measured 
from 10-50mg/cm^.^‘^ *^  Biofilm density increases with increasing current/water 
flow.^ ^^ ’^^ ®^^ This behavior is caused by one of the following phenomena: (1) selective 
attachment of only certain microbial species firom the available population, (2) microbial 
metabolic response to environmental stress, or (3) fluid pressure forces ‘squeezing’ 
loosely bound water firom the biofilm.
The transport properties of biofilms are of importance in quantifying effects of 
biofilms on mass, heat, and momentum transfer (diffusion coefficients).^^^^’^ ®^^ Matson 
and Characklis reported variation in the diffusion coefficient for glucose and oxygen with 
the overall growth rate, thus relating the difiusion coefficient with biofilm density.^ ^^ '^*^ *^  
Nimmons reported biofilm thermal conductivities fi-om 0.57-0.71 Watts/meter K. These 
data indicate that biofilm thermal conductivity is not significantly different firom water 
(0.6 2 W/mK).(^^
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G. Chemical Properties o f a Biofilm
Relevant chemical properties of a biofilm can be categorized by: (1) elemental 
composition and (2) organic-macromolecular composition.
Elemental composition of biofilms varies with the chemical composition o f the 
aquatic environment and effects the physical and biological structure of the film.^“^ ’^^ ®^^ 
Calcium, magnesium, and potassium affect intermolecular bonding of polymeric material 
responsible for biofilm structural integrity-specifically in the detachment of the biofilm 
through shearing or sloughing. These elements are among the most common in terms o f 
bioaccumulation.^‘^^ '^ *^^  High levels of manganese and iron have been found in certain 
marine and freshwater biofilms. Silica has also been found in high concentrations in 
biofilms developing in natural waters.^^^  ^ The organic composition of the biofilm is 
closely related to the energy and carbon sources available for metabolism. For 
example, nitrogen limitation can result in the production o f  an abundance of extra-cellular 
microbial polysaccharides. Macromolecular composition has been measured in terms of 
protein-to-polysaccharide mass ratio firom 0 to 10 (polysaccharide concentration in terms 
of glucose and protein concentration in terms of casein) with increasing biofilm 
accumulation.^^^^’^ ®^^ Lehninger reported that a marine biofilm containing Esherichia coli 
bacterial cells were comprised of proteins (70%), nucleic acids (15%), lipids (10%), and 
polysaccharides (5%).^^^
Reproduced with permission ot the copyright owner. Further reproduction prohibited without permission.
16
H. Biofilm Density and Thickness
Accurate measurements o f biofilm density are directly related to accurate 
measurements o f the biofilm thickness/^^^’^ ’^ ’^^ ®^^’^“  ^Initial signs of microbial activity on a 
surface are usually seen as small colonies o f cells distributed randomly on the surface. As 
biofilm accumulation continues, colonies grow together forming a relatively uniform  
biofilm; however, biofilm density has been known to fluctuate with increasing depth and 
immersion period in a freshwater or marine environment (most often as an increase in 
density with increasing depth).^ ^®^ ’^ ^^ ’^^ ®^' The cell numbers are relatively low in relation to 
biofilm volume, occupying only 1 to 10% of the biofilm in dilute nutrient solutions.^^^^’^ ®^’ 
Many surfaces, clean but untreated, contain as many as 10'^  cells/m^, while mature 
biofilms can be as dense as 10‘^  cells/m .^^^*^’^“  ^ Hoehn and Ray, as cited by Characklis 
and Marshall, reported biofilm mass densities as high as 105 kg m*^  with a mixed 
population biofilm containing macroorganisms as well as microorganisms.^^^^ Characklis 
and Marshall reported mass densities as low as 10 kg m'^ fi-om a mixed population marine 
biofilm.^ ^^ ^
Accurate biofilm density and thickness measurements are often difficult to obtain 
since there are a number of factors that must be considered in order to reach any 
conclusion about a particular species. Such factors include; (1) shear stress, (2) biofilm 
age, (3) depth o f water, (4) period o f immersion, (5) microbial species diversity, (6) 
water current or flow, and (7) pH. Biofilm densities generally increase with biofilm age, 
water depth and period of immersion.
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Biofilm thickness is an important characteristic because it is necessary for 
determining fluid fictional resistance and heat transfer resistance/^’^ *^^  There are many 
experimental techniques used in determining biofilm thickness or structural heterogeneity 
(e.g., distribution o f cells and polymer surface growth). Much of the biocide and 
antibiotic penetration research, previously investigated, was based on the following 
structural biofilm thickness’ which describe its nature
Cell size s i  -10 jim 
Mass transfer layer = 1 0 -1 0 0  pm 
Biofilm thickness s  10 - 1000 pm 
Various techniques that are used to measure biofilm thickness include: (1) light 
microscopy, (2) scanning electron microscopy, (3) transmission electron microscopy, (4) 
atomic force microscopy, (5) confocal scanning laser microscopy, (6) Fourier transform 
infi-ared spectroscopy, and (7) fluid frictional resistance measurements.^^^^ The most 
recent advance in the area of quantifying biofilms is the use o f a probing 
microelectrode^ ^ The electrode consists of a gold vrire plated with mercury and 
protected by a permeable membrane. The technique relies on voltammetry to 
simultaneously measure concentrations of dissolved oxygen, hydrogen peroxide, iron, and 
manganese. With a tip o f 25pm and a measurement speed of 30 seconds, this technique 
can be used to accurately characterize the chemical heterogeneity of biofilms up to 
100pm thick.
Many researchers have reported various biofilm thickness using the afore­
mentioned techniques. These results also depend on the characterization of the biological
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material itself. For example, Truer and Characklis reported a mean biofilm thickness of 
ll-130pm for a Pseudomonas aeruginosa (PA) biofilm using optical microscopy 
techniques.^^^^’^ ®^^ Bake and Oslon have reported an accurate method for in situ 
determination of biofilm thickness.^ ^®^  The apparent thickness is determined via optical 
microscopy by observing the biofilm in plane view (e.g., firom above) followed by another 
microscopic measurement made in cross section. A 5pm biofilm thickness was detected 
by this method.^ ^®^  A  theoretical model, based on kinetic and stoichiometric coefficients 
and an experimental model of a Pseudomonas aeruginosa biofilm thickness was 
presented by Characklis and coworkers in which the average thickness was < 40pm.^^’^
Murga and co-workers investigated thickness properties o f both Pseudomonas 
aeruginosa and Klebsiella pneumoniae and a mixed combination of these two species. 
The experimental method involved cryoembedding biofilms with a commercial tissue 
embedding agent, followed by sectioning and applying image analysis to construct 
thickness profiles.^^®  ^ Biofilms embedded and sectioned by this method were as thin as 
5pm and as thick as 1000pm. Monopopulations of P. aeruginosa were measured at 
29pm, while K  pneumoniae biofilms were measured at a mean thickness of 100pm. The 
mean biofilm thickness o f these the combined species was measured at 400pm.^^^^
Deposition rates of Pseudomonas putida and Hyphomicrobium ZV620 were 
quantified by Banks and Bryers.^ ®'  ^ Biofilm thickness of each species was allowed to 
increase within a flow cell to a thickness of 90pm prior to further cell attachment studies. 
The thickness was determined using a micrometer on fine focus adjustment at lOx 
magnification.
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Accurate measurements of biofilm mass density are directly related to the 
accuracy of the thickness measurement. Reported biofilm densities and thicknesses must 
be considered in relation to the techniques used to measure biofilm thickness (Table 5).
REFERENCES
Komegay and Andrews (1967) 160-210 66-130
Hoehn and Ray (1973) 30-1300 20-105
Willianson and McCarty (1976) 150-580 42-109
Rittman and McCarty (1978) 100 50
(1980) 119-126 5
(1981) 0-125 5
Trulear and Characklis(1982) 10-124 10-65
Trulear (1983) 36-47 17-47
Bakker 19861 0-60 27
Table 5. Other Previously Reported Biofilm Thickness and Biofilm Density. Ref. 63
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I. Bîofouling Control Methods
There are numerous methods currently being investigated to control and/or 
eliminate biofilm formation. As previously mentioned, biofilms have significant effects 
in the following areas: (1) fluid frictional resistance, (2) heat transfer resistance, (3) 
corrosion, and (4) water quality. Each o f these methods has characteristic advantages and 
disadvantages relative to other methods. Another experimental consideration that must 
be accounted for is whether or not the method is ‘environmentally fiiendly’. Biocidal 
paints and coatings are used primarily for control of microbial fouling due to the leaching 
of an inhibitory heavy metal such as copper or tin (as tribultyl tin) into the fouling 
deposit.^^^ However, such paints and coatings have a significant environmental impact 
and their uses are becoming restricted. The following discussion will briefly illustrate the 
various control methods currently being investigated, along with the advantages and 
disadvantages o f  each technique.
In prior experiments, the most popular biofouling control method has been the use 
of tributyltin oxides. The United States Navy used these compounds in order to eliminate 
the increased frictional resistance encountered by their alum inum  hulled vessels. Since 
1986, however, these compounds have been outlawed in the United States and in much of 
the world because they are persistent in the environment, acutely toxic, and 
bioaccumulative.^®^ The chemical company Rohm and Haas recently was awarded the 
Designer Safer Chemicals award for Sea-Nine 211, a marine antifoulant. This organic 
compound (4,5-dichloro-2-n-octyl-4-isothiazolin-3-one) degrades rapidly without 
significant bioaccumulation or chronic tox ic i ty .A no the r  anti-fouling technique being
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investigated involves the controlled release of 2,4-dinitrophenolate and benzoate into 
seawater.^^^’^ ®^  These compounds, released from simple films and microcapsules, follow 
a diffusion-controlled process in order to inhibit microbial and algal components of the 
biofouling community. This marine anti-foulant was able to accomplish sustained and 
controllable release rates o f  these organic compounds without toxic effects on the 
environment. Halogenated organic compounds have also been used effectively to control 
biofouling. Compounds such as bromochlorohydantoin (BCR) have shown significant 
anti-fouling activity in the form o f decreased heat transfer resistance and an increase in 
planktonic cells-a result o f  massive detachment of biofilm cells.^ ®^  ^ Turakhia and 
coworkers indicate that biofilm treatment with ethylene glycol-bis(P-aminoethyl ether)- 
N,N-tetraacetic acid (EGTA), results in significant biofilm detachment. The EOT A 
attacks the calcium-EPS bonds resulting in weakening o f the polymer matrix and 
detachment.^^^ Halogenated organic compounds have also shown significant anti-fouling 
activity in heavily contaminated waters; a characteristic that most of today's anti-foulants 
do not display
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J. Chlorine and Biofouling Control
The use of chlorine is one o f  the more extensively investigated areas of microbial 
anti-fouling research. Chlorine has been used for years because it is effective for 
controlling biofouling. However, concern over its toxicity and its reaction products has 
spurred the search for alternative control methods. Many of today’s chlorine anti-foulants 
have been engineered so as to restrict the environmental concentrations within 
satisfactory limits.^®  ^ Currently, residual chlorine discharge into power plant waterways 
in the United States is restricted to 0.2mg/L, for two hours per day, because of its 
environmental and health effects. Typical chlorine residuals in the outlet range from 0.1- 
0.5 mg/1 are often required for effective anti-fouling performance; however, Battaglia and 
coworkers stated that concentrations as high as 20mg/L applied several times a day may 
be needed to effectively control biofouling at a power plant.^ ®^  ^ Residual chlorine 
(20pg/l) can be used in synergy with copper (5pg /I) to minimize biofouling of pipes, heat 
exchangers in ships, offshore structures, and power stations.^‘°^  Biros and Lamblin have 
indicated that chlorine can also be used to maintain acceptable bacterial quality at residual 
concentrations as low as 0.03mg/l in many drinking water systems.^^^'
Chlorine is applied in the following ways to control biofouling: (1) chlorine gas,
(2) hypochlorite ion, (3) chlorine dioxide, and (4) electrolytically generated in sea water. 
It can be used in freshwater, seawater, clean water, and in contaminated water systems 
that contain high levels of oxidizable materials.^^^^
Chlorine compounds react vrith various organic and inorganic components via 
molecular diffusion within the biofilm, disrupting cellular material (detachment) and
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inactivating cells (disinfection). The specific anti-fouling process includes: (1) 
detachment of the biofilm, (2) dissolution o f biofilm components, and (3) disinfection.^^®  ^
In a thick biofilm, significant amounts o f chlorine may react with the EPS, e.g., 
polysaccharides, altering the physical integrity of the biofilm.^^^  ^The reaction results in a 
significant removal o f biofouling material, as evidenced by (1) a decrease in biofilm 
thickness (Characklis and coworkers. Miller and Bott), (2) a decrease in fluid fiictional 
resistance (Characklis and coworkers, Characklis and Dydek, Norrman and Characklis), 
and (3) a decrease in heat transfer resistance (Lewis, Zelver and coworkers. Marine 
Biocontrol Corp. and CCE Inc.).^^^ However, its use in heavily contaminated waters is 
consumed in chlorine demand reactions, and low concentrations can be rendered 
ineffective.^ ^^^
Although biofouling can often be controlled with chlorine and chlorine 
compounds, chlorine usage includes the following disadvantages: (1) poor cost 
effectiveness in waters with high chlorine demands, (2) corrosion o f condenser materials, 
and (3) environmental regulations limiting effective chlorine concentrations. Current 
concern over the overall toxicity of chlorine and its reaction products has led to research 
on alternative anti-fouling chemicals.
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K. Alternative Chlorine Anti-fouling Agents
Other oxidizing biocides besides chlorine have proved effective in controlling 
biofouling (Table 6, pg 25). In marine waters, bromine can be introduced as either 
hypobromite or sodium b r o m id e .E d w a r d s  investigated ozone as an effective 
biofoulant in the form of reduced corrosion rates. Garey reported that ozone was more 
effective than chlorine, at equal concentrations, in controlling biofouling in low salinity 
waters.^^^  ^ Sugam reported effective anti-fouling ozone concentration at <0.5g 
However, there are significant problems when using ozone as an anti-foulant. These 
problems include: (1) rapid consumption in side reactions, (2) cost-power consumption,
(3) reactions with organics to form epoxides-environmental problems.^^^
Hydrogen peroxide has been found to be an effective and relatively non-toxic 
biofilm disinfectant.^'*^ The main advantage of using hydrogen peroxide is that only 
oxygen and water are formed when it is reduced. In addition to its low toxicity, reaction 
products, such as OH* degrade biopolymers that exist within a mature biofilm. 
Christensen and coworkers exposed biofilms to low levels of hydrogen peroxide (1.5mM) 
which resulted in biofilm detachment and removal. However, hydrogen peroxide does not 
inhibit the growth o f new cells, and new biofilms form readily upon introduction of a 
fresh medium; thus, repeated treatments are necessary.^
Another approach more recently developed ‘shocks’ biofilms with low-dose 
electrical currents.^^^’^ '^*^ This method, developed by Costerton and co-workers, disrupts 
the electrical charge of the polysaccharide coating, rendering the underlying bacteria 
susceptible to antibiotics. This method, patented in 1994, utilizes 0.1% o f the required
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antibiotic once an initial electrical charge is supplied. Applications include: (1) 
sterilization of medical devices, (2) implant attachment, and (3) conjunctive usage in the 
reduction of environmentally harmful biocide chemicals.
Metallic and metallic-alloys have also shown some anti-fouling characteristics. 
Berber and Berger reported that the passage of rubber balls through titanium, stainless 
steel, and aluminum tubing removes loose surface fouling material.^®  ^Efird, Chamberlain 
and Gamer, and Dorman and coworkers have demonstrated that Cu-Ni alloys possess 
fouling resistance, due to the formation of an adherent cuprous oxide corrosion product 
which is toxic to biofilm.^ ® ’^^ '®^’^ ^^ ’^ ®^  ^ Heath and coworkers have reported reduced 
calcareous deposition upon treatment with synergistic usage of cuprous oxide and triazine 
Irgarol 1051 (Ciba-Geigy).^*'*  ^ Potassium permanganate, due to its strong oxidizing 
behavior, has also been shown to be an effective biocide for controlling a variety of 
slime-forming microorganisms. '^'®^
Chemical:
Oxidizing Agents Nonoxidizing Agents
Bromine Acrolein Gamma Irradiation
Bromine Chloride Arsenates/Arsenites Ultraviolet Radiation
Chlorine Dioxide Ammonia/Amines Ultrasonic vibration
Hydrogen Peroxide Cyano Compounds Velocity Variation
Iodine Metals (salts) Water Jet Cleaning
Ozone Organometals Manual Cleaning
Potassium Permanganate Phenols Osmotic Shock
Table 6. Anti-fouling Agents Alternatives to Chlorine. Source, Reference ^
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CHAPTER 3 EXPERIMENTAL
A. Materials and Equipment
Kimax 6mm glass beads (VWR Scientific, Bridgeport, NJ) were used as the 
substrate in this experiment. Mesh-Nylon bags (Dupont-Arden Household Products, 
Southfield, MI) were used to contain the beads during immersion. The bags were hung off 
a private dock using nylon line. Clean, glass jars were used to transfer the fouled samples 
back to the laboratory. High purity concentrated nitric acid (Baker-UltrexII, Phillipsburg, 
NJ or EM-TracePur Plus, Gibbstown, NJ) was used to digest samples for elemental 
analyses.
High purity reagents were used for standard solutions and sample preparation for 
both organic and inorganic analyses. Liquefied reagent phenol (J.T. Baker - Phillipsburg, 
NJ) was used for total polysaccharide analysis. Alpha-D-(+) glucose (Sigma Chemical 
Company- St. Louis, MO) used in preparing the standard aliquots. Tracepur-Plus 
concentrated sulfuric acid (EM Industries - Gibbstown, NJ) was used during the total 
polysaccharide experiments (samples and standards). Ultra-pure water was used in 
preparation of the dilute phenol reagents.
26
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Tracepur Plus concentrated nitric acid (EM Industries - Gibbstown, NJ) was used 
in dilute volumes (1%) for preparation o f elemental standards to be analyzed by Atomic 
Absorption techniques. The following elemental custom grade standards (lOOOppm) were 
purchased from Inorganic Ventures, Inc., (Lakewood, NJ) for calibration o f the flame 
atomic absorption spectrometer: Fe, Ca, K and Mg.
Seastar concentrated nitric acid (Seattle, WA) was used in dilute volumes (1%) 
for preparation o f elemental standards for use in Inductively Coupled Plasma Mass 
Spectrometry (ICPMS) techniques. The following Perkin-Elmer (Norwalk, CT) Multi- 
Element Spectroscopy standards were used to prepare solutions for ICP-MS calibration: 
Standard 2: Ag, Al, As, Ba, Be, Bi, Cd, Co, Cr, Cs, Cu, Ga, In,
Li, Mn, Ni, Pb, Rb, Se, Sr, Tl, U, V, Zn 
Standard 3: Au, Ir, Pd, Pt, Rh, Ru, Sn, Te, Hf, Sb 
Standard 4: B, Ge, Mo, Mb, Re, Si, Ta, Ti, W, Zr 
Elemental samples and standards were stored in clean, plastic nalgene bottles.
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A Varian DMS 300 UV-Visible Spectrophotometer was used for the total 
polysaccharide analysis experiments. Thomas (Philadelphia, PA) quartz 
spectrophotometer cells were used for sample containment.
A Model 5000 Perkin Elmer (Norwalk, CT) Flame Atomic Absorption 
Spectrophotometer was used for determining the concentrations of the following 
elements: Mg, K, Ca, and Fe. Perkin Elmer (Norwalk, CT) Atomic Absorption lamps 
were used in the spectrometer.
Other targeted trace elements: Li, Al-27, Ti, V, Cr, Mn-55, Co-59, Ni, Cu, Zn, Ga, 
As-75, Se, Rb, Sr, 2 i, Cd, Ba, Pb, U were monitored by a Perkin Elmer-Sciex Model Elan 
5000 (Norwalk, CT) Inductively Coupled Mass Spectrometer equipped with an ultrasonic 
nebulizer and autosampler.
A Mitutoyo Digital Micrometer (Aurora, IL) was borrowed from the Department 
of Civil Engineering (The University o f Nevada, Las Vegas) to determine the mean 
diameter of 60 glass beads. For biological identification o f the biofilm, a Zeiss 
(Oberkocken, Germany) Standard Compound Microscope (400x magnification) and a 
Zeiss SR Stereomicroscope (32x magnification) were utilized. Both were used under the 
supervision of Dr. Peter Starkweather, Department of Biological Sciences (The 
University of Nevada, Las Vegas). A Millipore (Bedford, MA) portable filtering 
apparatus, including white membrane filters (0.45pm) were used to filter the water 
samples.
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B. Sampling Method and Site
Five pre-weighed samples of non-fouled 6mm glass beads were placed in mesh 
nylon bags and immersed 0.5m into surface waters off a private dock (Photographs 1 and 
2) approximately 100m from the shoreline. Each ‘fouled’ sample was then transferred to 
the laboratory for weekly extraction and analysis. Sampling periods were seasonal (Table 
7) to investigate effects of water temperature on bioaccumulation.
Set 1 Set 2 Set 3 Set 4
6/20/96 - 8/15/96
76° - 84° F*
9/05/96 - 10/10/96
77° - 84° F*
12/09/96 - 1/13/97 2/20/97 - 3/28/97
59° - 62° F* 55° - 62° F*
Table 7. Sampling Calendar and Water Temperature Ranges
* The Las Vegas Bay lake water temperature ranges were obtained from the Lake Mead 
National Recreation Area-U.S. Dept, of the Interior (Boulder City, Nevada).
Photograph 1. Sampling Area-Private Dock
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Photograph 2. Sampling Area-Bead Immersion
The Las Vegas Boat Harbor (Lake Mead, NV), located approximately 20 miles to 
the southeast of central Las Vegas, was chosen as the sampling site (Figure 1) due to the 
availability of the boat dock and because southern Nevada relies on Lake Mead as its 
primary source for drinking water. Contaminant metals found in the waters of Lake Mead 
may originate from sources such as: (I) The Las Vegas and Clark County Sewage 
Treatment Plants via the Las Vegas Wash (Figure 2), (2) infiltrating groundwater, (3) 
runoff from landscape irrigation, (3) stormwater runoff, (4) dewatering o f construction 
sites, (5) corrosion o f on- and off-shore machinery, and (6) fuel leaks.
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MAP OF LAKE MEAD
Figure 1. General Map of Lake Mead (Source: Dept, of Interior)
IVater quality
Charleston monitoring sites ^
\  ^  Las Vegas sewage 
^  treatment plant
I  ■  Clark County sewage 
'  treatment plant
Lake Las Vegas
Las wgas Wash runs under Lake 
Las Vegas via an isolated 
conduit system.
Henderson sewage 
I treatment plant
I Federal Emergency Management
1 A n û n ru  H orlaroH  flnnd  y n n a egency declared flood zones 
—: ------------ Wash areas 'NueadOtwe
Figure 2. Map o f the Las Vegas Wash and The Las Vegas Bay
Source: The Las Vegas Review-Joumal, References 20, 21, 22, and ^
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C. Estimation of Microfouling Biomass
For each ‘fouled’ sample retrieved during the winter, autumn, and spring 
experiments, a lO.Og sub-sample (40-44 bead count) was weighed dry and subsequently 
stripped o f all adsorbed matter. This process involved refluxing the sample with 30.0ml 
of nitric acid for 24 hours with medium heat. Once the reflux period ended, the beads 
were decanted, washed with 1% nitric acid, and dried for 24 hours. The sample was then 
re-weighed with the differences in the two weights equal to the microfouling biomass. 
Results from this experiment are presented in Table 35 (pg. 84).
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D. Estimation o f Total Attached Polysaccharides
Various specific elemental or organic biofilm constituents have been used to 
monitor biofilm development Monitoring biofilm development based on elemental or 
organic accumulation is known as an indirect measurement. Two of the more popular 
chemical procedures used for indirect analysis of a biofilm include: (1) total biofilm 
organic carbon and (2) total biofilm polysaccharide. Because biofilms contain large 
number of polysaccharides, a method described by Dubois and co workers was used as the 
indirect measurement technique during this study.^ '®^ ’^“  ^ The method is based on a color 
sensitive phenol-sulfuric acid hydrolysis reaction which was developed to determine 
submicro amounts of oligosaccharides or polysaccharides as their derivatives (e.g. 
glucose). The color intensity, or higher absorbance, of the final hydrolyzed solution is a 
function o f the amount of sugar present in the sample (e.g., an orange colored solution 
contains more glucose than does a yellow solution). Advantages o f this technique include 
ease of method, detection limits (minimum of 80 ng ± 1.0%), and reproducibility, while 
the predominant disadvantage is that the method is ‘sugar’ specific (the EPS may contain 
many different sugar residues). This may lead to errors in determining the actual amount 
of sugar present in the biofilm. Analytical methods characterizing total amounts of 
oxidizable attached material, total attached polysaccharides, total attached proteins, and 
total attached nucleic acids in biofilms, were described by Bryers and Characklis.*^®^
The experimental procedure involved weighing three - lO.Og ‘fouled’ samples into 
clean glass scintillation vials. The samples were then allowed to dry at room conditions. 
To each sample-containing vial, 1ml o f a 5% phenol solution and 5ml of conc. sulfuric
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acid were added. (Note: the 5% phenol solution was prepared from a solution of 80:20 
w/w reagent grade phenol and deionized water.) The vial was allowed to stand at room 
temperature for ten minutes, was then gently shaken, and placed in a 30°C water bath for 
twenty minutes. The sample solution was then decanted from the beads and filtered into 
another clean vial. The absorbance of the characteristic yellow-orange solution was then 
measured at (Imax) 480-490nm using a UVA/IS spectrophotometer. The amount of total 
polysaccharide (as glucose) present in each sample was determined by reference to the 
standard absorption curves. A method blank was also prepared by this technique using 
lO.Og of non-fouied beads.
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E. Digestion Techniques (Major Cations and Trace Elements)
The method for inorganic digestion is described below. Time required for one trial 
was 72 hours/fouled sample, starting with sample preparation and ending with final 
sample dilution. An advantage o f this technique is overall ease of procedure, while the 
main disadvantage is potential sample contamination.
The initial experimental procedure involved: (1) draining a 200-205g sample of 
fouled beads, (2) allowing the sample to dry in a clean Teflon beaker at room temperature 
for 24 hours, and (3) re-weighing the sample to approximately 200g*. The dried beads 
were then refluxed with 200 ml* of concentrated nitric acid for 24 hours on medium heat. 
The sample-mixture was then decanted from the beads and transferred back to the beaker 
and heated to dryness for 24 hours. The remaining solid residue was then twice dissolved 
with 10-15ml of concentrated nitric acid and twice heated to dryness. The resultant 
residue was then dissolved in a 1% nitric acid solution*. The samples were analyzed by 
atomic absorption spectrometry and inductively coupled plasma mass spectrometry . The 
elemental concentration in each sample was determined by reference to a standard curve. 
A method blank was also prepared by this technique using 200.0g of non-fouled beads.
* Sample sizes and acid volumes varied. See sampling protocol (Table 34 pg.83) for 
precise amounts used.
The bead samples were digested in the following brands o f concentrated nitric acid:
Sets I, 2- Trace Pur Plus nitric acid (EM Industries- Gibbstown, NJ)
Sets 3, 4- Ultrex II Ultrapure Reagent nitric acid (J.T. Baker- Phillipsburg, NJ)
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F. Standards and Calibration Results
1) Polysaccharides (UV-VIS) - A mixture of a-D-(+)-glucose (lOOppm) was used to 
construct the polysaccharide standard. This solution was then diluted using a delivery 
pipette to standards containing 10, 20, 40, and 60fig glucose. These samples were then 
hydrolyzed using the previously described procedure, and the characteristic absorbance 
was measured using the UV-VIS spectrophotometer. For each set of calibration standards 
analyzed, regression data (e.g., slope, intercept, and r^) was recorded (Table 8).
Set 1-Summer Set 2-Fall Set 3-Winter Set 4-Snrine
intercent (abs) na -0.0145 0.0235 0.0252
slone fabs/ue") na 0.00984 0.0114 0.0108
r-squared na 0.999 0.999 0.999
na, not available
Table 8. Calibration Results for Polysaccharide Experiments
2) Major cations (AA) - Trace element calibration curves were constructed based on 
method of analysis. For major cations measured by atomic absorption spectrometry, a 
stock solution of 20ppm (Ca^, Mg^, F e \ was prepared and volumetrically diluted to 
calibration standards containing 0.16, 0.32,0.48, 0.64, and 0.80ppm of the target element. 
The characteristic absorbance was then measured and all regression data recorded (Table
9).
Calcium Iron
setl* set2 setS set4 setl* set2 set3 set4
intercept (absl 0.001 -0.0007 0.000 0.003 -0.0005 -0.0005
slope (abs/onm) 0.0013 0.0016 0.0018 0.0008 0.0007 0.0007
r-squared 1.000 0.999 0.998 1.000 0.996 0.996
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Magnesium Potassium
setl* set2 set3 set4 setl* set2 set3 set4
0.0036
0.0156
0.998
0.0001
0.0176
0.999
-0.0055
0.0168
0.999
0.0013
0.0025
0.995
0.0035
0.0009
0.997
0.0060
0.0038
1.000
interceot (abs) 
slone Cabs/onm) 
r-squared
KEY
Set 1 : Summer Sampling Set 
Set 2: Fall Sampling Set 
Set 3: Winter Sampling Set 
Set 4: Spring Sampling Set
* setl sample analysis occurred concurrently with set3 sample analysis 
Table 9. Calibration results for Major Cation Analysis
3) Trace Elements (ICP-MS) - For elements measured by ICP-MS, a stock solution
containing lOOppb o f standards 2, 3, and 4 was prepared. This solution was further
diluted, by mass, to calibration standards containing concentrations of 0.5, 1.0. 5.0, 7.5,
and 15.0 ppb. An internal standard, Tb-159, was also added to the calibration standards
(150 pi/ 60g sample). All solutions were then refrigerated and stored for subsequent
analyses. Relavent regression data is presented in Table 10.
Standard 2: Li, Be, Al, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Ag, Cd,
In, Cs, Ba, Tb, Tl, Pb, Bi, U
Standard 3: Ru, Rh, Pd, Sn, Sb, Te, Tb, Hf, Ir, Pt, Au
Standard 4: Ti, Ge, Zr, Nb, Mo, Tb, Ta, W, Re
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Element Slope (intensity/concentration):
Summer Autumn Winter Sprine
Lithium 0.0067 0.0055 0.0075 0.0061
Aluminum 0.0343 0.0235 0.0272 0.0403
Titanium 0.0050 0.0043 0.0032 0.0054
Vanadium 0.0741 0.0565 0.0574 0.0799
Chromium 0.0652 0.0054 0.0482 0.0668
Manganese 0.0899 0.0549 0.0652 0.0925
Cobalt 0.0814 0.0574 0.0629 0.0964
Nickel 0.0177 0.0129 0.0140 0.0211
Copper 0.0389 0.0293 0.0299 0.0437
Zinc 0.0065 0.0044 0.0049 0.0068
Gallium 0.0598 0.0417 0.0452 0.0578
Arsenic 0.0076 0.0073 0.0065 0.0086
Selenium 4.86E-4 4.65E-4 4.44E-4 5.78E-4
Rubidium 0.0861 0.0814 0.0756 0.0831
Strontium 0.1116 0.0989 0.1007 0.1069
Zircoitium 0.0799 0.0656 0.0476 0.0632
Cadmium 0.0209 0.0173 0.0203 0.0197
Barium 0.0171 0.0163 0.0187 0.0161
Lead 0.0519 0.0458 0.0608 0.0400
Uranium 0.0767 0.0685 0.0951 0.0256
Table 10. Calibration Results for Trace Elemental Analysis
The Correlation Coefficient (r-squared) was 0.999 and the intercept was forced through 
zero for all elements during the four calibration periods.
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G. Suspended and Dissolved Particulates
Five 1-L lake water samples were ffitered on site using 0.45jxm (pore diameter) 
white membrane filters, a polysulfone fimnel system, and a 1-L Teflon receiver flask 
(Photograph 3). The paper was placed in a clean Teflon beaker and covered with parafilm 
and transferred to the laboratory. Concentrated Baker-UltrexII nitric acid (30ml) was used 
to digest the filter paper for 24 hours. The remaining solid residue was then dissolved 
with 10ml of concentrated nitric acid and evaporated to dryness. The resultant residue 
was diluted in 50ml o f 1% nitric acid. A method blank was also prepared by this 
technique using clean filter paper.
The five 1-L filtered water samples (filtrate firom the five suspended particulate 
samples) were acidified on site to a 1% nitric acid (Baker-UltrexII acid) solution and 
stored in a clean 1-L Nalgene bottle.
Photograph 3. Filtering Apparatus
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H. Dilution of Samples
Many of the digested field samples had to be diluted in order for the resultant 
absorbance to fall into the linear working range of the calibration curve. These dilution 
factors, determined by trial and error, varied with the immersion period of the sample. 
Volumetric dilution factors for the polysaccharide samples ranged from 2-6.
The volumetric dilution factors for the bead samples analyzed by atomic 
absorption were based on the following elements:
Calcium: 25x - 200x 
Magnesium; 25x - lOOx 
Potassium: Ix - lOOx 
Iron: Ix - lOx
Dilution factors for bead samples analyzed by ICP-MS were:
Standard 2 Standards 3 and 4
set 2“ set 3** set 4** set 2 set 3*^ set 4
200x 200x 200x 200x 50x 200x
a. Additional dilution factors for elements Al, Mn, Ba, and Sr ranged from 1,700-4,900
b. Additional dilution factors for Al ranged from 600-6,900
c. Dilution factor for Ti was 250 (five week sample only)
d. Additional dilution factors for elements Al, Mn, Ba, and Sr ranged from 1,100-10,500
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CHAPTER 4 RESULTS AND DISCUSSION
A. Biofilm Composition and Identification
The taxonomic identifications o f organisms present in biofilms developed on 
glass beads was accomplished using both Zeiss stereo (32x m ag n ification) and compound 
(400x magnification) microscopes. Using these magnification techniques, it was 
concluded that this heterogeneous biofilm is comprised of a multiple-species array o f 
diatoms dominated by the genera Cyclotella (Photo 4), Fragiliaria (Photo 5), Cymbella 
(Photo 6), and Amphora (Photo 7). Other minor species included Amphipleora, Melosira, 
Anomoeneis, and Bacillaria. Skeletal remains (midge), fecal waste, unidentifiable 
bacteria, and particulate organic matter were also observed as biofilm components.
Photograph 4. Freshwater Fouling Diatom (genus) Cyclotella
Photograph 5. Freshwater Fouling Diatom (genus) Fragilaria
41
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Photograph 6. Freshwater Fouling Diatom (genus) Cymbella
%
Photograph 7. Freshwater Fouling Diatom (genus) Amphora
Photograph 8. Freshwater Fouling Diatoms (genera) Amphora and Fragilaria
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B. Elemental Concentrations o f Suspended Particulates and Dissolved Species
Elemental concentrations o f suspended (45|im+) particulates and dissolved 
(<45pm) species from the freshwater were determined from five 1-liter water samples. 
The 1-liter filtered water samples were analyzed for the elemental uptake of dissolved 
particulates, while the suspended particulate samples, filtered from the water, were 
diluted and analyzed. Concentrations o f 24 elements present in the particulate samples are 
presented in Table 11 (See Tables 31 and 32 for standard deviations).
Element Suspended Particulates Dissolved Species S rSusp. + Diss.l
Mg
M L )
24.3 35.7 60.0
K 20.4 6.9 27.3
Ca 110.8 73.3 184.1
Fe 13.5 <DL 13.5
Li
(ng/L)
56.2 47.6 103.8
Al 18,790 4.8 18794.8
Ti 761.1 0.93 762.0
V 36.5 2.4 38.9
Cr <DL 0.67 0.67
Mn 2129.3 4.5 2133.8
Co 2.03 0.09 2.12
Ni 691.9 2.0 693.9
Cu 131.6 1.7 133.3
Zn 1105 3.5 1108.5
Ga 24.8 0.8 25.6
As 32.1 4.5 36.6
Se 8.5 4.3 12.8
Rb 46.6 3.7 50.3
Sr 3790 1242 5032
Zr 4.3 0.03 4.33
Cd 5.9 0.01 5.91
Ba 1977 107.4 2084
Pb 234.2 0.09 234.3
U 3.5 4.2 7.7
<DL, Below Detection Limit
Table 11. Concentrations o f Elements in Water Samples
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C. Bioaccumulation Factors o f 24 Elements
The elemental bioaccumulation factor, or elemental bioconcentration factor, 
reflects the influence that dissolved (soluble) and suspended particulate matter have on 
the elemental composition of the biofilm. The factors were calculated using the following 
ratio:
BAF=
Elemental mass in ne* / kg of Biofilm Dry Weight________________________________
Elemental mass [Suspended + Dissolved Particulates] in ng* / kg o f Lake Water
* Elemental Concentrations of Major Cations (e.g.. Mg, K, Ca, and Fe) in |xg
The bioaccumulation factors of 24 elements analyzed in seasonal biofilms are
presented in Tables 12, 13, and 14. The factors were calculated using elemental
concentrations firom: (1) a one and five week old autumn biofilm, (2) a two and five week
old winter biofilm, and (3) a three and five week old spring biofilm. These time intervals
were chosen to highlight the differences in bioaccumulation ratios between initial and
concluding periods of bead immersion (35 days). Data obtained from the total
concentrations o f elements (Z [Susp. + Diss.]) were representative of a spring sampling
experiment. Biofim dry weight was determined by extrapolating (to 200g) the dry weight
oflOg of fouled glass beads.
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Table 12. Bioaccumulatîon Factors for 24 Elements - Autumn Biofilms
v 5 / - , c  nElement *B.A.F X 10** (7 Day) ♦B.A.FX 10
Mg 34 1.7
K 27 0.86
Ca 140 11
Fe 80 3
Li 10 9.1
Al 38 1.5
Ti 35 0.95
V 51 2.2
Cr 2900 NF
Mn 18 1.5
Co 140 8.3
Ni 0.6 0.14
Cu NF 0.96
Zn 9.3 1.2
Ga 450 1.9
As 47 3.6
Se 57 2.4
Rb 37 1.3
Sr 44 3.1
Zr 430 12
Cd NF NF
Ba 24 1.6
Pb 0.78 0.38
U 66 6.2
B.A.F. - Bioaccumulation Factor 
N F - No Factor Determined
* Note; All Bioaccumulation Factors are number listed x 10^  
(e.g., Mg = 34 X 10  ^ and 1.7 x 10 )^
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Table 13. Bioaccumulation Factors for 24 Elements - Winter Biofilms
Element *B .A .Fxl0‘*(14Day) ♦B.A.F X 10*-
Mg 3.2 0.66
K 10 1.2
Ca 21 1.5
Fe 19 1.3
Li 8.7 0.94
Al 7.8 1.1
Ti 13 0.88
V 11 1.1
Cr NF NF
Mn 8 1
Co 31 4.9
Ni NF 0.019
Cu NF 0.16
Zn NF 0.13
Ga 2.5 0.45
As 8.8 0.72
Se NF 0.49
Rb 7.8 0.96
Sr 2.7 0.22
Zr 89 8.7
Cd NF NF
Ba 1.5 0.26
Pb ■ NF 0.09
U 5.3 0.47
B.A.F. - Bioaccumulation Factor 
N F - No Factor Determined
* Note: All Bioaccumulation Factors are number listed x 10* 
(e.g.. Mg = 3.2 X 10* and 0.66 x 10*)
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Table 14. Bioaccumulation Factors for 24 Elements - Spring Biofilms
Element *B.A.Fx 10'* (21 Day) ♦B.A.F X 10*
Mg 3.2 2.3
K 2.5 1.3
Ca 2.7 2.5
Fe 2.9 2.3
Li 4.7 3.4
Al 5.8 4.3
Ti 5.2 2.6
V 6.1 4.4
Cr 60 86
Mn 5 7.9
Co 18 20
Ni 0.22 0.23
Cu 1.1 1.7
Zn 0.96 1.4
Ga 3.5 2.9
As 5.5 4.8
Se 3 2.4
Rb 4.7 3.4
Sr 3.3 2.7
Zr 30 20
Cd 0.11 0.074
Ba 2.0 1.7
Pb 0.55 0.47
U 2.8 2.6
B.A.F. - Bioaccumulation Factor
* Note: All Bioaccumulation Factors are number listed x 10* 
(e.g.. Mg = 3.2 X 10* and 2.3 x 10*)
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As discussed in Chapter 2, the chemical properties of a biofilm are catagorized 
according to organic (e.g., proteins, nucleic acids, and polysaccharides) and inorganic 
fractions (trace elements).^ '^* ’^^ ^ ’^ *^  It appears that the organic fraction is accumulating at 
a pace higher than its inorganic counterpart, thus ‘masking’ elemental accumulation. This 
is evidenced by relatively lower elemental bioaccumulation factors, at day 35 of biofilm 
development, compared to factors calculated in the early development stages o f the 
biofilm. Additionally, it is evident that as the lake water temperature dropped (Table 7), 
the bioaccumulation factors during the initial and 35-day biofilm development periods 
started to level off. This illustrates that as water temperatures drop, the influence from 
the organic fraction of the biofilm is less predominant than in warmer waters.
Although the bioaccumulation factor reflects the influence that dissolved species 
and suspended particulates have on the elemental uptake of the biofilm, it can be assumed 
that suspended particulates have a predominant influence. Of the 24 target elements, only 
two (Mg and U) had a higher particulate concentration than suspended particulate 
concentration. Other elements with subtle differences between suspended and dissolved 
concentrations included Li, Ca, K, Sr, and Se. Conversely, 16 of the elements (Fe, Al, Ti, 
V, Mn, Co, Ni, Cu, Zn, Ga, As, Rb, Zr, Cd, Ba, and Pb) have at least a 90% suspended 
particulate composition from the total freshwater concentration. There were no detectable 
amounts of chromium present in neither suspended nor dissolved phases.
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D. Estimated Attached Biomass and Total Polysaccharide (as glucose)
Total biofouling mass and total attached polysaccharide as glucose was estimated 
using lOg fouled glass beads. Sample digestion for both methods was accomplished using 
techniques described in the experimental section. Both the biomass and total 
polysaccharide were calculated in terms of micrograms/sample. The results were then 
normalized to surface area/sample (ug/cm^) and illustrated graphically (Figures 3 and 4).
Variations in Fouling 
Biomass
O I 500
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■  Winter 
□  Spring
14 21 28 35
TIME (Days)
Figure 3. Variations in Microfouling Biomass (see Table 24, pg.73, for data)
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Variations in Biofiim 
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Figure 4. Variations in Biofilm Polysaccharide (see Table 24, pg.73, for data)
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Total estimated biomass accumulation patterns non-linearly increased during the 
35 day immersion period. Natural biofilm detachment processes (sloughing and/or 
shearing) were prevalent from: (1) days 14-21 and 28-35 of the autumn sample, and (2) 
days 21-28 of both the winter and spring samples. This detachment behavior is likely due 
to the lake water temperature at the time of sampling. The median water temperature for 
the autumn sampling period was 80F while the median temperatures for the winter and 
spring periods were 60‘T’ and 59°F respectively. Because of the higher water temperatures 
during the autumn, growth and detachment processes were more significant, compared to 
lesser activity during the lower water temperatures o f the winter and spring samples.
Variations in the accumulation of estimated attached polysaccharides (as glucose) 
are similar to those o f the biomass experiment. Both the autumn and spring glucose 
accumulations increased linearly during the 35 day immersion period while the winter 
experiment non-linearly accumulated glucose during the same period of bead immersion. 
Organic shearing was prevalent in the winter experiment from days 21-28. This decrease 
was unexpected because o f the presumption that polysaccharide uptake within a biofilm 
is a continuous process, based on the continuous supply o f nutrients to the biofilm.
A comparison of both sets o f data obtained from the estimated biomass and the 
estimated polysaccharide experiments are presented in terms of weekly glucose 
composition (Table 15) and total glucose percentages (Table 16). Percentages are based 
on seasonally developed biofilms extracted from glass beads.
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Table 15. Weekly Percent Composition of Polysaccharide (as glucose) in Seasonal 
Biofilms
Bead immersion Autumn Winter Spring
0-7 days 4.4 na na
7-14 days 1.0 3.4 na
14-21 days 2.0 4.2 0.9
21-28 days 1.0 4.2 1.5
28-35 days 2.1 0.5 3.4
Table 16. Total Composition o f Polysaccharides (as glucose) in Seasonal 
Biofilms
Autumn Winter Spring
Z Polysaccharide (pg/cm^)* 19.9 7.3 15.3
Z Total Biomass fug/cm^)* 1.332 805 671
Polysaccharide/Biofilm (%) 1.5% 0.9% 2.3%
* Sum polysaccharide and biomass were calculated by adding weekl, week2, 
weeks, week4, and week5 normalized data (pg/cm^) for each seasonal 
experiment.
The total polysaccharide account for approximately 1-5% of the total dry weight 
mass o f the fi-eshwater biofilm. Lehninger reported a dry mass weight of 5% 
polysaccharide for a marine Esherichia coli biofilm.^^^ Characklis reported a dry weight 
of 1.4-1.9% carbohydrate for a Klebsiella aerogenes b i o f i l m .T h e r e  does not appear to 
be a relationship between total polysaccharide composition of the biofilm and warmer 
water temperatures. Additionally, there does not appear to be a relationship between 
polysaccharide composition o f the biofilm and biofilm age through the first 35 days of 
development.
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E. Calcification o f the Biofilm
Precipitation of calcium carbonate is a natural process fi*equently observed in 
lakes o f North America and Europe where the solid phase is predominantly calcite/*'*’ 
This process leads to one o f the major environmental problems encountered in biofilm 
growth - the deposition o f calcium salts within the adherent biofilm. Such calcareous 
deposits can form a continuous crust up to several millimeters thick on any submerged 
structure, including the underside o f boats.^ *'*^  Such deposits are difficult to remove, and 
removal often results in damage to the underlying structure.
The influence o f microbial activity on calcite precipitation in lakes has been 
described by many authors. Stabel attributed calcite precipitation to the presence of 
planktonic algae, while Otsuki and coworkers noted that precipitation o f calcite coincided 
with an increase in planktonic productivity.^^® '^^^  ^ Effier similarly concluded that as 
phytoplankton activity increased, photosynthesis became an important factor in the 
regulation of carbonate equilibria.^ '^*  ^Heath and co workers reported the dominant diatoms 
Fragilaria spp., Navicula spp., and Cymbella spp. present in marina biofilms of The 
Great Ouse River, United Kingdom.^*'*  ^Additionally, they reported that the proportion of 
diatoms increased with length o f immersion period, while the proportion of diatoms 
decreased in the presence o f anti-fouling paints. The taxonomic composition of diatoms 
present in this study also identified Fragilaria spp. and Cymbella spp. as two of the more 
dominant species.
Variations in biofilm calcium composition data obtained in this study and those 
reported by Heath and coworkers for a salt-water experiment were contrasted. Water
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chemistry analysis o f the Lake Mead Marina resulted in a mean of 73.3±7.2 mg/1 Ca^ for 
a spring sampling, compared to a mean o f 128.1±0.9 mg/1 Ca^ for the marine water. 
Moreover, Heath and coworkers reported 0.5 -1.0 mg/cm^ of CaCOs accumulation for an 
eight week marina biofilm and 6-7 mg/cm^ CaCOg for a sixteen week biofilm. The four 
week freshwater biofilm calcium content in this experiment was 0.41±0.04mg/cm^. Both 
the marine calcium data and the freshwater calcium data were representative o f summer 
experiments.
In general, biofilm calcium composition during each of the four seasonal 
experiments, non-linearly increased (Figure 5) over the 35 day bead immersion period. 
Calcium desorption occurring during the following periods of biofilm development: (1) 
days 21-28 of the winter experiment, (2) days 7-14 of the spring experiment, (3) days 14- 
21 of the summer experiment, and (4) days 28-35 of the autumn experiment.
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Figure 5. Calcification of the Biofilm (see Table 24, pg.73, for data)
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Calcium accounted for approximately 30% of the total dry mass composition of 
the freshwater biofrlm during the autumn experiment, compared to only a 5-6% calcium 
composition during the cooler winter and spring experiments (Table 18). Data 
representative for a summer experiment was not available because total dry weight data 
was not recorded. Heath and coworkers reported that calcium carbonate accounted for 
56% of the total biofilm composition for a  saltwater marina biofilm and 20% for an 
adjacent river biofilm. Both composition percentages were based on a summer biofilm 
experiment.^ Additionally, there appears to be an inverse relationship between biofilm 
age and percent calcium composition (Table 17); specifically during the 21-35 day old 
autumn biofilm and the 14-35 day old winter experiment.
Bead immersion Autumn Winter Spring
0-7 days na na na
7-14 days 46.8 35.8 na
14-21 days 76.7 28.5 5.0
21-28 days 19.7 25.7 7.6
28-35 days 18.2 2.6 4.5
Table 17. Weekly Dry Weight Percent Composition of Calcium in Seasonal 
Biofilms
Autumn Winter Spring
S Calcium (pg/cm^) 394 44 41
Z Total Biomass (ue/cm^) 1.332 805 671
Calcium/Biofilm (%) 29.6% 5.5% 6.1%
Table 18. Total Dry Weight Composition of Calcium in Seasonal Biofilms
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F. Biomineralization o f Manganese and Iron
Manganese- and iron-oxidizing/reducing bacteria are widely implicated in the 
accumulation o f these elements within adherent biofilms/®^’^ '*^ ’^^ ^^  ^ Examples of such 
species include: (1) iron-oxidizing bacterial genera Thiobacillus and Leptospirillum, (2) 
manganese-oxidizing bacterial genera Bacillus, and Micrococcus, and Pseudomonas, and 
(3) iron- and manganese-concentrating bacterial genera Siderocapsa, Gallionella, and 
SphaerotilusP^^'^^^^ In addition, Chamberlain and Gamer reported a significant 
correlation between the presence o f the diatom. Amphora, and the microfouling of 
substrata containing iron alloys/^^ Dickinson and Lewandowski give examples on how 
manganese(n) can be oxidized or reduced in the presence of sulfate reducing bacteria, 
while Goldberg and coworkers theorized about the bacterial photo-reduction of 
manganese (MnO% to the dissolved divalent Mn) and iron (Fe(III) species to Fe(II) 
species) in biofilms present off the southern California coast/'*^’’^ ^^ Christensen and 
Characklis stated that high levels o f manganese and iron have been found in biofilms that 
receive frequent chlorination/^^^ Additionally, waters surrounding biofilms exhibiting 
high levels o f manganese and iron, most often contain low concentrations of these 
elements/^^^ Conversely, internal iron limitation in biofilms may increase the 
extracellular production of siderophores (iron-binding molecules) into the surrounding 
water.^^^’^ ^^  ^ High biofilm concentrations of manganese and iron in biofilms are most 
ofter attributed to: (1) corrosion of piping sytems, (2) redox characteristics of the biofilm, 
and (3) their elemental presence in a water supply.
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Results from monitoring the uptake of manganese and iron on biofrlms developed 
on glass beads are illustrated in Figures 6 and 7.
Biomineralization of 
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Figure 6. Manganese Uptake o f the Freshwater Biofilm (Table 25, pg.74, for data)
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Figure 7. Iron Uptake o f the Freshwater Biofilm (Table 25, pg.74, for data)
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Iron and manganese biofilm compositions non-linearly increased over the three 
35-day seasonal experiments (Figures 6 and 7) in relation to bead surface area. Iron 
desorption occurred during the following periods of biofilm development: (I) days 21-28 
o f the winter experiment, (2) days 7-14 and 21-28 of the spring experiment, (3) days 14- 
21 of the summer experiment, and (4) days 14-21 and 28-35 o f  the autumn experiment.
Manganese desorption occurred during the following periods o f biofilm 
development: (1) days 7-14 o f the spring experiment, (2) days 14-21 of the summer 
experiment, and (3) days 28-35 o f the autumn experiment. There was a linear uptake o f 
manganese during the winter experiment.
Iron accounts for approximately 0.8% of the total dry mass composition of the 
biofilm during the autumn months, compared to only -0.4%  during the colder winter and 
spring months (Table 20). Conversely, there does not appear to be a relationship between 
higher manganese biofilm composition and warmer water temperatures (Table 21). 
Possible explanations include: (1) grazing of manganese-enriching bacteria during the 
warmer seasons, (2) introduction of manganese-reducing chemicals into the water during 
the warmer months, and (3) low growth rates of manganese-enriching bacteria compared 
to other types during the warmer months. Additionally, regardless o f season, iron and 
manganese content appears to decrease as the biofilm develops (Table 19). This is likely 
due to the masking of iron and manganese photoreducing bacteria once the bead surface 
was colonized.
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Table 19. Weekly Percent Dry Weight Composition of Iron and Manganese in 
Seasonal Biofilms
Bead immersion Autumn Winter Spring
Fe-56 Mn-55 Fe-56 Mn-55 Fe-56 Mn-55
0-7 days 9.8 0.34 na na na na
7-14 days 1.4 0.06 2.4 0.16 na na
14-21 days 1.8 0.15 1.8 0.15 0.39 0.11
21-28 days 0.57 0.06 1.8 0.18 0.40 0.19
28-35 days 0.37 0.03 0.17 0.02 0.30 0.16
Table 20. Total Dry Weight Composition of Iron in Seasonal Biofilms
A u tu m n Winter Spring
2  Iron (ug/cm^) 10.4 2.9 2.7
Z Total Biomass (ue/cm^) 1.332 805 671
Iron/Biofilm (%) 0.78% 0.36% 0.40%
Table 21. Total Dry Weight Composition o f Manganese in Seasonal Biofilms
Autumn Winter Spring
Z Manganese (ug/cm^) 0.80 0.29 1.06
Z Total Biomass Cue/cm^) 1.332 805 671
Manganese/Biofilm (%) 0.06% 0.04% 0.16%
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
62
Finally, there evidence supporting photochemical reactions involving iron and 
manganese in the biofilm; primarily through the identification o f manganese and iron 
oxidizing organisms (diatoms Amphora and Bacillaria) and the analysis of the 
surrounding marina waters. Many authors have identified iron and manganese enriching 
organisms within fi^shwater and marina biofilms.^^ '^^^^ '^^ '^  ^ Christensen and Characklis 
have stated that low concentration o f manganese and iron may exist in surrounding waters 
when manganese/iron enriching bacteria are present in a biofilm.^^^  ^An analysis of water 
samples taken in this study yielded undetectable amounts o f iron and small amounts 
(4.6ng/L) o f manganese.
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G. Molecular Accumulation Patterns - Total Polysaccharide v. Literature
Bhosie and coworkers monitored specific and total polysaccharide content of 
biofilms present in the Arabian Sea and the Bay of Bengal during January 1988/’^  ^Their 
time-series experiments consisted of deploying aluminum and stainless steel test panels at 
a depth of ~lm  in the Arabian Sea and the Bay of Bengal. The panels were immersed for 
a period of four weeks. Their total polysaccharide (winter) results were contrasted to 
similar data obtained firom this study (Table 22).
Arabian Sea: Bhosie and coworkers, 1988 
Aluminum Test Panels
Biofilm Develooment Cdavs) 0-7 7-14 14-21 21-28
Total Polysaccharide (pg/cm^) 0.432 0-171 0.057 0.147
Stainless Steel Panels
Biofilm Develooment ('davsl 0-7 7-14 14-21 21-28
Total Polysaccharide (pg/cm^) 0.388 0.250 0.313 0.080
Lake Mead: Morris and Hodge, 19 
Glass Beads
Biofilm Develooment fdavs") 0-7 7-14 14-21 21-28
Total Polysaccharide (pg/cm^) 0.355 0.504 1.40 1.26
Table 22. Summary o f Polysaccharide Uptake in Freshwater (Lake Mead) and 
Marine Biofilms (Arabian Sea)
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The uptttke o f total polysaccharides in the freshwater experiment was more 
significant than polysaccharide uptake in the marine experiment. Possible explanations 
include: (1) higher water temperatures at time of respective experiments, (2) greater 
enrichment o f bacterial/algal polymers in the coastal lake waters, (3) desorption (biofilm 
shearing) of polysaccharides from weeks 2-4 of the marine biofilm, and (4) metal surfaces 
might influence initial colonization of microorganisms relative to the colonization of 
microorganisms on glass surfaces.
Many authors have stated that the increased uptake of polysaccharides is a 
continuous process occurring over periods of weeks accompanied by the simultaneous 
scavenging of organic molecules in both dissolved and particulate forms.^^  ^ Conversely, 
decreasing polysaccharide accumulation, as witnessed by Bhosie and coworkers, with 
time may indicate: (1) selective enrichment o f other organic constituents, (2) degradation 
of polysaccharides, or partial degradation, or (3) contributions from sources poor in 
polysaccharide content; specifically glucose, since it is the dominant sugar in all forms of 
aquatic matter.^*^^
Other authors have reported significant polysaccharide accumulation for a short 
time period. Bryers and Characklis reported a dramatic increase in total polysaccharide 
accumulation (1,800 mg glucose/cm^ to 10,000 mg glucose/cm^) for a homogenous 
marina biofilm over a 50 hour growth period. Moreover, they reported a decreased 
amount of viable cell (e.g., nucleic acids, and total proteins) accumulation attached per 
unit area, thus implying an increased production of polysaccharides in the biofilm by 
either cellular production or capture of dispersed materials.^^^^
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H. Elemental Accumulation Patterns - Trace Elements v. Literature
Numerous sources contribute to trace elemental source, metals can be 
accumulated in a biofilm by either adsorption or absorption accumulation in biofilms 
(e.g., ‘natural background’, on and off-shore machinery, underground piping, sewage 
effluents, and paint coatings). Whatever the processes onto or into an inorganic surface 
(e.g., oxides or clays) or complexed with inorganic or organic ligands.^^^ Elemental 
accumulation depends on various freshwater or marine conditions. For example, 
freshwater biofilms rely on mineral (e.g. chalks) and atmospheric (e.g. CO2) contributions 
of calcium, magnesium, and strontium. Elemental uptake of marine and freshwater 
biofilms is also regulated by pH, Eh, and salinity (Eh and salinity are more of a factor in 
marine environments).^^*^ Whatever the source, elemental accumulation is based primarily 
on microorganisms present in the biofilm; thus elemental accumulation patterns will 
undoubtedly vary based on specific elemental enriching microorganisms present in a 
freshwater or marine environment.^^^’^ ^^ ’^^ ^^ '^^ '^^ ’
Goldberg and coworkers measured the uptake of zinc, aluminum, manganese, 
iron, copper, and chromium of marine biofilms developed on glass beads off the Adriatic 
coast (Zlarin, Yugoslavia) and the southern Pacific coast (La Jolla, California) during the 
summer and autumn months respectively. Both experiments monitored elemental 
accumulation for a  14-day immersion experiment. Their results were compared to similar 
data obtained from this study (Table 23) because of similar sampling seasons, although 
no temperature data was available from the marine study, and substrate (glass beads).
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Table 23. Summary of the Elemental Uptake o f Lake Mead (NV), Adriatic Sea,
and Scripps Institute of Oceanography CCA) Biofilms - data in ug/m^)
Summer exposures of glass beads
Element Lake Mead Adriatic Sea
(7 Day) (7 Day)
A1 593 790
Cr 11.1 366
Cu ND 2100
Mn 208 1200
Fe 14,658 1300
Zn 76.1 150
Element Lake Mead Adriatic Sea
(14 Day) (12 Day)
A1 621 4000
Cr 3.2 50
Cu ND 11
Mn 596 280
Fe 15,174 3,550
Autumn exposures o f glass beads
Element Lake Mead Serions Oceanoeraohv ***
(7 Day) (7 Day)
A1 5308 1,130
Cr 14.1 2.0
Mn 277 4.0
Fe 7939 2,000
Element Lake Mead Serions Oceanoeraohv
(14 Day) (14 Day)
A1 19,854 3,740
Cr 26.6 11.0
Mn 1188 38.0
Fe 25,027 4,000
Note; Bead immersion periods were 7,12 (Adriatic Sea only), and 14 days
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Concentrations of several elements in biofilms of the Adriatic Sea were 
significantly higher (the exception being iron) than concentrations reported for the 
fireshwater biofilm during the first fourteen days o f biofilm development. Higher uptake 
of aluminum is likely due to greater specific enrichment processes prevalent in the marine 
environment. Higher chromium uptake is most likely due to a greater presence of 
chromium-reducing bacteria found in the surrounding marine waters (e.g., Aeromonas 
dechromatica, Flavobacterium devorans, Arthrobacter spp.). Similarly, copper-uptake 
was related to the presence of copper reducing bacteria (e.g., Nitzschia longissima). The 
authors also speculated about possible copper-complexing bacteria being released into 
nearby waters by a ferromanganese factory, thus dramatically effecting manganese and 
copper uptake during the time of bead immersion.^^* Conversely, data obtained firom the 
uptake of elements firom the SIO marine experiment were significantly less than those 
reported fi"om the Lake Mead experiments during the first fourteen days o f biofilm 
development. These trends point to; (1) a greater presence of specific (Al, Cr, Mn,-and 
Fe) elemental enriching microorganisms in the freshwater environment, (2) the beads 
immersed in surface waters (0.5m below the stnface) of Lake Mead were exposed to 
greater concentrations of surface-particulates than the beads immersed at the deeper 
ocean depths (12m below the surface) o f the SIO Pier, or (3) lower ocean water 
temperatures compared to the lake water temperatmes dining each autumn experiment. 
Enhanced iron uptake firom the freshwater biofilm may also be attributed to significant 
rusting of nearby machinery and boating accessories.
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CHAPTER 5 CONCLUSIONS
This study investigated the sorption behavior of twenty-four elements, total 
polysaccharide accumulation, and estimated attached biomass o f a freshwater m arina 
biofilm. Glass beads were used as the substrate and deployed from a private dock strap. 
Sampling was seasonal and occurred at The Las Vegas Bay Marina, located at the 
northwest section o f Lake Mead, Henderson, Nevada. Each seasonal experiment 
consisted of the immersion of five samples, with retrieval at consecutive one-week 
intervals. As a result from this study, the following conclusions have been drawn;
[1] The freshwater marina biofilm consisted of; (1) freshwater diatoms, (2) unidentifiable 
bacteria, (3) fecal waste, (4) particulate organic matter and (5) skeletal remains (midge). 
The major diatoms included the genera; Cyclotella, Fragilaria, Cymbella, and Amphora. 
Minor diatom constituents included Amphipleora, Melosira, Anomoeneis and Bacillaria.
[2] Suspended (45 p+) particulates most often had a greater influence on the elemental 
bioaccumulation factors, relative to dissolved (<45p) species.
[3] Inorganic accumulation (e.g., bioaccumulation factors of 24 elements) within the 
biofilm appeared to be ‘masked’; possibly by significant accumulation of certain 
constituents of the organic fraction (e.g., proteins). This was supported by lower
68
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bioaccumulation factors at later stages o f biofilm development. Differences in the 
seasonal bioaccumulation factors at early (7 and 14 day) and later (35 day) stages of 
biofilm development were less dramatic as the lake water temperature decreased.
[4] Total polysaccharide composition of the biofilm was 1.5% during the autumn months, 
0.9% during the winter months, and 2.3% during the spring months. Additionally, 
regardless o f season, there was little variance in polysaccharide percent composition 
during the 35 day immersion period.
[5] Calcium accoimted for approximately 30% of the total dry weight composition of the 
freshwater biofilm during the autumn months, compared to only a 5-6% composition 
during the cooler winter and spring months. Additionally, the calcium composition of the 
autumn and winter biofilms decreased with biofilm development.
(61 Iron accounted for approximately 0.8% o f the total dry weight composition of the 
biofilm during the autumn months, compared to only -0.4%  during the colder winter and 
spring months. Conversely, manganese composition was the highest during the spring 
sampling weeks (0.16%) compared to the autumn (0.06%) and winter (0.04%) sampling 
weeks.
[7] Weekly iron composition decreased with biofilm growth-especially during the warmer 
autumn weeks. Conversely, there was a gradual decrease in weekly manganese 
composition as the lake water temperature decreased, but not as dramatic as decreases 
observed in weekly iron compositions.
(8( Total polysaccharide accumulation was greater during a four week biofihn experiment 
in fireshwaters of Lake Mead compared to a similar marine biofilm experiment off the
Reproduced with permission otthe copyright owner. Further reproduction prohibited without permission.
70
coast o f the Bay of Bengal. This may indicate; (1) a greater influence of EPS-producing 
bacteria in Lake Mead, (2) selective enrichment o f other organic constituents in the 
marine environment, (3) degradation o f polysaccharides, or partial degradation in the 
marine envirorunent, (4) contributions fi'om sources poor in polysaccharide content; 
specifically glucose, in the marine envirorunent (or contributions firom sources rich in 
polysaccharide content in the fireshwater envirorunent) or (5) metal surfaces might 
influence initial colonization of microorganisms relative to the colonization of 
microorganisms on glass surfaces.
[9J Accumulations o f aluminum, chromium, and copper were greater during a summer 
biofilm experiment in marine waters of the Adriatic Sea compared to data obtained in this 
investigation. Conversely, concentrations o f the same elements were less in marine 
biofilms off the southern California coast compared to biofilms analyzed during the 
autumn months o f this study. This implied that the accumulation of these elements from 
the three sites may depend on factors such as; (1) the presence of specific elemental 
enriching biota in the freshwater and marine enviromnents, (2) increased immersion 
depth o f substrate (Scripps experiment), (3) the influence o f off-shore machinery (rusting 
during the freshwater experiment and inputs from a factory in the Yugoslavia 
experiments). In addition, concentrations o f iron in the freshwater biofilm were higher 
than both o f the marine studies. This may indicate that iron-EPS chelation is more 
significant in the freshwater biofilm and that siderophore (iron binding molecules) 
production could be more significant in iron limiting marine biofilms.
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APPENDIX I DATA
Table 24. Uptake o f Biomass (Figure 4), Polysaccharides-as glucose 
(Figure 5), and Calcium (Figure 6) in pg/cm^
Figure 4:
Biomass
Days Autumn Winter Spring Summer
7 8.07 nd nd na
14 183.9 14.8 nd na
21 124.4 33.3 212.9 na
28 528.0 30.3 145.6 na
35 487.6 726.2 312.9 na
Figure 5: 
Glucose
Days Autumn Winter Spring Summer
7 0.355 0.355 0.303 na
14 1.81 0.504 0.466 na
21 2.51 1.40 0.85 na
28 5.10 1.26 2.13 na
35 10.07 3.79 10.56 na
Figure 6; 
Calcium
Days Autumn Winter Spring Summer
7 19.4 2.2 2.6 164.0
14 86.0 5.3 2.2 215.4
21 95.4 9.5 10.6 211.0
28 104.0 7.8 11.1 413.1
35 88.8 18.7 14.0 na
nd = none detected, na = data not available
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Table 25. Uptake of Iron (Figure 7) and Manganese (Figure 8) in pg/m^
Figure 7: 
Iron
Days Autumn Winter Spring Summer
7 7,939 1,599 1,676 14,658
14 25,027 3,604 1,083 15,174
21 22,681 5,989 8,357 10,881
28 30,214 5,556 5,879 20,451
35 18,074 12,275 9,519 na
Figure 8; 
Manganese
Days Autumn Winter Spring Summer
7 277 73.2 176 208
14 1,188 236 154 596
21 1,826 508 2,267 157
28 3,254 553 2,841 268
35 1,408 1,493 5,130 303
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Table 26. Concentrations of Elements - Summer Bead Sample
73
Element/ 62026 71125/626-711 711-801 711-808 711-815
Species M±SD M±SD M+SD M+SD MISD
UV-VIS: Pg
Glucose na na na na na
ATM. ABS.: ppm/50ml ppm/40ml ppm/40ml ppm/80ml ppm/40ml
Mg-24 35.9±3.6 80.3±8.0 72.2+7.2 68.516.9 na**
K-39 na na na na na**
Ca-40 1388±139 3619±362 3545+355 34711347 na**
Fe-56 14.2±1.4 27.3±2.7 20.1 ±2.0 19.011.9 na**
** Sample contamination during digestion procedure - no data
ICP-MS: ppb/50ml ppb/50ml ppb/40ml ppb/80ml ppb/40ml
Li-7 54.6±2.8 22±2 24±3 114170 3312
Al-27 1808±20 1928±23 2785±152 233511088 543812224
Ti-47 60±1 74±2 12604 13315 16711
V-51 6.0±0.1 5.0±0.2 9.1±0.6 814 14.910.6
Cr-52 31.7±1.0 26.4±0.9 20±5 23115 4812
Mn-55 201±3 553±8 290±11 2511120 534113
Co-59 1.18±0.04 1.2±0.1 1.7±0.1 1.310.8 2.8310.08
Ni-60 8±1 6.0±0.5 3±2 216 1411
Cu-63 22±1 16±1 16±1 6112 3512
Zn-66 355±9 231+7 186±5 97155 18715
Ga-69 3.2±0.2 6.4±0.1 6.3±0.2 512 10.110.3
As-75 6±3 7.9±0.3 11.2±0.3 814 2011
Se-82 3±5 6±8 3±4 617 1315
Rb-85 5.06±0.09 5.0±0.2 7.5±0.1 613 11.410.5
Sr-88 645+19 2427±47 2346+15 19151896 2541157
Zr-90 3.3±0.2 3.8±0.1 6.3±0.3 5.410.9 7.410.2
Cd-114 8.3±0.4 0.5±0.2 0.00 0.00 0.00
Ba-137 189±3 433±2 380±3 3081144 61113
Pb-208 21.1±0.4 14.1+0.3 10.6±0.5 715 15.110.5
U-238 1.35±0.04 3.11±0.07 4.110.2 412 8.710.4
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Table 27. Concentrations of Elements - Autumn Bead Sample
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Element/ 90512 90519 90526 905-103 905-1010
Species M±SD MISD M ISD M ISD MISD
UV-VIS: Pg
Glucose 15.711.6 80.218.0 110.9111.0 225.8122.6 445.3144.5
ATM. ABS.: ppm/50ml....
Mg-24 31.313.1 113.3111.3 104.6110.5 108.7110.9 87.918.8
K-39 13.311.3 18.711.9 20.912.1 30.613.1 22.212.2
Ca-40 365137 15941159 17661177 19261193 16451165
Fe-56 16.511.7 48.014.8 43.714.4 57.615.8 35.213.5
ICP-MS: ppb/50ml....
Li-7 2216 11417 9916 11419 8416
Al-27 126701278 395101218 365001146 398101453 255801298
Ti-47 489117 1192136 1091115 1564149 716111
V-51 3311 7712 6912 9612 74.510.^
Cr-52 7513 9812 9511 9712 4614
Mn-55 538110 2219126 33961143 60311197 2624122
Co-59 5.110.1 18.710.5 15.910.4 20.810.7 15.510.6
Ni-60 2712 9512 8913 10711 10211
Cu-63 4913 32816 15911 20714 16013
Zn-66 257115 687113 615113 94619 1188112
Ga-69 160.10.4 49.510.9 4911 53.810.5 4312
As-75 25.110.8 8814 9214 11814 10814
Se-82 2518 3616 3915 4518 40124
Rb-85 30.210.7 8111 75.71.06 89.210.2 57.810.6
Sr-88 3076119 13330174 134301128 149001108 128001101
Zr-90 32.210.4 68.010.9 63.010.9 68.110.6 4811
Cd-114 0.110.2 1.610.3 1.310.3 1.610.4 1.210.8
Ba-137 847.610.3 3115139 31471120 3452139 2775111
Pb-208 37.510.6 95.610.9 86.010.8 10412 10712
U-238 7.410.4 24.610.3 26.110.7 29.710.5 3911
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Table 28. Concentrations o f Elements - Winter Bead Sample
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Element/ 120917 120924 120931 1209-107 1209-114
Species M+SD MISD M ISD M lSD M ISD
UV-VIS: Pg
Glucose 15.711.6 22.312.2 62.016.2 55.815.6 167.8116.8
ATM. ABS.: ppm/50ml....
Mg-24 7.3+0.7 15.911.6 23.612.4 21.812.2 54.0+5.4
K-39 6.2±0.6 10.411.0 18.311.8 16.311.6 44.414.4
Ca-40 46.8+4.7 103.4110.3 182.2118.2 150.2115.0 352.0135.2
Fe-56 4.810.5 8.510.9 12.911.3 12.111.2 24.512.5
ICP-MS: ppb/50ml....
Li-7 13.510.4 3111 60.010.1 4811 131.610.4
Al-27 2747+35 6620183 12110+177 109401135 3092901294
Ti-47 22716 37614 53915 481119 984115
V-51 10.4+0.8 16.410.2 2612 24.010.7 58.310.8
Cr-52 5.410.5 16.910.3 25.210.5 16.410.7 3811
Mn-55 16113 46117 96416 1047121 2782129
Co-59 1.610.2 2.910.5 5.910.1 5.210.2 14.3610.07
Ni-60 3512 1612 2411 2813 3811
Cu-63 31.310.7 3312 49±3 4012 82.810.1
Zn-66 79110 11613 17815 13118 30115
Ga-69 2.510.4 4.610.4 7.410.5 6.710.6 17.6210.06
As-75 8.610.9 1011 18.810.6 1711 3511
Se-82 915 316 6 l6 1014 2313
Rb-85 7.210.1 15.010.7 26.610.4 23.710.1 66.510.1
Sr-88 219.818 42719 72613 630.897±0.002 1480126
Zr-90 11.610.3 16.910.1 26.510.3 2411 54.910.5
Cd-114 0.510.2 0.410.2 0.3310.03 0.5710.03 0.710.2
Ba-137 15413 23512 40714 34512 83618
Pb-208 13.010.2 19.810.6 3911 28.510.4 61.910.7
U-238 0.910.1 1.5510.08 2.5610.09 2.2610.08 5.110.2
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Table 29. Concentrations of Elements - Spring Bead Sample
76
Element/ 22027 220-306 220-313 220-320 220-327
Species M±SD MISD M ISD M ISD MlSD
UV-VIS: Pg
Glucose 13.411.3 20.612.1 82.018.2 94.019.4 467.3+46.7
ATM. ABS.: ppm/50ml....
Mg-24 11.7911.18 11.0111.10 69.3116.93 53.1215.31 71.4517.15
K-39 5.2610.53 4.4710.48 26.2912.63 18.9211.89 19.9812.00
Ca-40 49.4414.94 42.1314.21 179.8118.0 188.2118.8 235.4123.5
Fe-56 4.5910.46 3.6210.36 15.5111.55 11.4611.15 17.4111.74
ICP-MS: ppb/50ml....
Li-7 3411 3111 17812 13017 18214
Al-27 53301112 46931235 402501630 262501438 4266011131
Ti-47 31116 21318 1486133 943114 1114113
V-51 19.010.4 13.110.3 8816 69.510.6 9014
Cr-52 2411 19.010.5 5813 5312 7312
Mn-55 31319 278111 3731177 4669148 84121290
Co-59 2.510.2 2.2910.08 14.5110.05 12.410.5 21.810.6
Ni-60 2011 17.010.9 7217 5813 10013
Cu-63 7213 4212 100110 9012 16212
Zn-66 11318 10112 475.210.5 462138 895114
Ga-69 5.610.2 3.610.3 3411 32.210.4 40.210.2
As-75 13.710.7 9.210.2 7116 64+3 8914
Se-82 0.00 0.00 27112 2116 2919
Rb-85 14.310.3 12.910.6 8711 6812 9015
Sr-88 39015 356122 5883131 53451221 69851151
Zr-90 9.510.2 7.610.3 52.010.4 33.310.3 49.110.1
Cd-114 0.810.1 1.9310.03 1.310.5 2.210.5 1.310.2
Ba-137 24812 14419 1614142 167415 1942156
Pb-208 5212 1912 7611 62.910.2 8612
U-238 1.4010.06 1.310.1 7.910.3 8.110.3 10.310.2
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Table 30. Concentrations o f Elements - Bead Method Blanks
Element/ Meth. Blk si Meth. Blk s2 Meth. Blk s3 Meth. Blk
Species M±SD M ISD M lSD M ISD
UV-VIS: Pg
Glucose na 0.00 0.00 0.00
ATM. ABS.: ppm/50ml....
Mg-24 4.12+0.41 1.3210.13 3.5410.35 5.9610.60
K-39 2.73+0.27 0.9310.09 4.2710.43 4.4210.44
Ca-40 7.1910.72 3.6810.37 5.7110.57 8.5410.85
Fe-56 1.7310.17 1.6010.16 2.0210.20 2.0510.20
ICP-MS: ppb/50ml....
Li-7 set no. 2 9.410.8 411 1012
Al-27 2780164 2158122 36901126
Ti-47 na 12611 12912
V-51 5.7010.04 4.310.1 7.4910.06
Cr-52 108.210.7 13.110.5 25.810.9
Mn-55 3012 16.7+0.2 31.810.4
Co-59 1.0110.09 0.710.3 1.810.1
Ni-60 2811 812 2813
Cu-63 4913 2711 9115
Zn-66 8212 6413 203.810.9
Ga-69 2.410.3 2.110.3 4.310.1
As-75 1.510.4 1.210.7 2.510.3
Se-82 816 2217 na
Rb-85 4.010.1 1.9510.04 912
Sr-88 7513 56.310.2 10516
Zr-90 na 8.010.1 5.310.2
Cd-114 1.7710.06 0.2910.02 1.610.4
Ba-137 13211 138.6010.07 20015
Pb-208 35.210.2 25.010.3 44.310.9
U-238 0.3710.06 0.3110.06 0.8610.09
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Table 31. Concentrations o f Elements - Suspended Particulates
Particulate Samples (5):
Element/ PS-1 P S -2 P S -3 P S -4 PS -5
Species M±SD M lSD MISD M lSD MlSD
ATM. ABS.: ppm/50ml...
Mg-24 na 0.64510.065 0.64510.065 0.19310.019 0.55510.0;
K-39 0.31310.031 0.62910.063 0.62910.063 0.41910.042 0.31310.0:
Ca-40 2.0210.20 2.9210.29 2.7010.27 1.8010.18 2.2010.22
Fe-56 0.27010.03 0.27010.03 0.27010.03 0.27010.03 0.27010.0:
ICP-MS: ppb/50ml....
Li-7 0.6810.02 1.6910.07 1.4310.02 0.7910.01 na
Al-27 16115 593114 571118 29614 31817
Ti-47 8.510.2 28.910.5 18.610.5 11.1310.08 na
V-51 0.3810.01 1.1710.02 1.05810.001 0.6410.02 na
Cr-52 3.0710.04 4.7410.05 3.9610.05 3.6910.09 na
Mn-55 8.010.1 4211 42.710.4 7915 na
Co-59 0.19210.007 0.4510.01 0.40610.007 0.19510.007 na
Ni-60 1.2710.03 4.6310.03 51.510.6 1.3510.07 na
Cu-63 3.3610.01 8.1410.08 4.4110.06 3.910.1 na
Zn-66 2511 51.910.5 4316 2414 29.1±0.9
Ga-69 0.17010.001 0.84010.003 0.8310.02 0.16910.004 na
As-75 0.26510.008 1.02010.004 0.9310.05 0.54410.008 na
Se-82 0.0410.03 0.3310.03 0.2110.09 0.1010.06 na
Rb-85 0.401±0.004 1.42210.005 1.3110.02 0.7310.02 na
Sr-88 23.410.4 15212 15312 22.910.1 33.210.5
Zr-90 1.16610.006 3.7410.07 1.8810.07 1.5210.04 na
Cd-114 0.08410.001 0.37610.004 0.11810.004 0.02910.002 na
Ba-137 9.410.1 7313 6811 9.3010.06 na
Pb-208 0.92810.009 13.5210.001 4.510.1 1.11210.009 na
U-238 0.04710.005 0.10710.009 0.08910.001 0.05210.001 na
na = not available
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Table 32. Concentrations o f  Elements - Dissolved Species
Water Samples (5):
Element/ WS-1 W S-2 WS-3 W S-4 WS -5
Species M±SD M lSD M lSD M lSD MlSD
ATM. ABS.: ppm (mg/L)
Mg-24 32.4013.24 38.3613.84 37.8813.79 35.0213.50 35.0213.50
K-39 5.7910.58 8.0010.80 7.7910.78 6.4210.64 6.4210.64
Ca-40 69.6616.97 76.4017.64 76.4017.64 71.9117.19 71.9117.19
Fe-56 ND ND ND ND ND
ICP-MS: ppb (pg/L)
Li-7 4319 5012 4812 5012 47±2
Al-27 2.9110.07 8.810.1 6.010.2 2.89db0.02 3.3810.02
Ti-47 0.8510.03 1.0210.04 1.0010.05 0.9010.03 0.9010.04
V-51 2.1210.05 2.5210.03 2.5110.04 2.4410.06 2.4310.03
Cr-52 0.60110.005 0.6610.03 0.6110.03 0.7210.03 0.7410.01
Mn-55 2.0210.07 8.510.2 8.210.2 1.7510.03 1.8210.01
Co-59 0.05310.002 0.11610.002 0.11510.001 0.08510.003 0.088+0.002
Ni-60 1.6410.01 1.4510.04 2.5710.09 2.510.1 1.5810.03
Cu-63 1.9610.08 1.7510.01 1.6310.06 1.3910.05 1.545±0.005
Zn-66 4.110.1 4.0710.03 4.0310.04 2.6810.05 2.5210.01
Ga-69 0.7310.04 0.7110.02 0.7410.03 0.7810.02 0.783+0.008
As-75 4.5910.07 4.710.1 4.610.2 4.310.1 4.4410.03
Se-82 4.010.3 4.510.3 4.4610.06 4.310.3 4.4010.03
Rb-85 2.7210.08 4.2610.02 4.1310.09 3.5410.07 3.6310.04
Sr-88 1112111 1349118 1261118 1238114 1249129
Zr-90 0.033±0.002 0.03110.002 0.02510.001 0.02310.000 0.034+0.001
Cd-114 0.01310.001 0.01410.001 0.01310.001 0.01010.001 0.015+0.004
Ba-137 110.010.5 10611 lOOll 110.210.8 lll± 6
Pb-208 0.21410.003 0.07310.001 0.06810.001 0.03510.002 0.04410.001
U-238 3.910.1 4.5210.04 4.3210.09 4.110.1 4.0±0.2
ND = none detected
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Table 33. Concentrations of Elements - Particulate Method Blanks
Method Blanks - Particulate Samples (3):
Element/ MB-1 M B -2 M B-3
Species M±SD M ISD MlSD
ATM. ABS.: ppm/50ml....
Mg-24 0.02410.002 0.02410.002 0.02210.002
K-39 0.05210.005 0.05210.005 0.05210.005
Ca-40 0.11210.011 0.11210.011 0.11510.011
Fe-56 ND ND ND
ICP-MS: ppb/50ml....
Li-7 0.02310.09 0.02310.09 0.02410.09
Al-27 12.010.2 12.010.2 1310.2
Ti-47 1.5610.02 1.5610.02 1.5910.03
V-51 0.07610.001 0.0910.05 0.04210.002
Cr-52 3.6010.07 5.810.2 4.6510.07
Mn-55 0.32210.009 0.3510.07 0.3510.07
Co-59 0.22810.005 0.310.1 0.310.08
Ni-60 0.8510.01 0.8510.01 0.8610.01
Cu-63 2.3210.02 2.3210.02 2.3310.04
Zn-66 12.710.3 12.212 12.211
Ga-69 0.00710.001 0.00710.001 0.00710.001
As-75 0.04810.007 0.04810.007 0.04610.007
Se-82 O.OOOlna O.OOOlna O.OOOlna
Rb-85 0.03310.003 0.03310.003 0.03310.003
Sr-88 0.6210.06 1.510.1 1.0610.05
Zr-90 1.9910.05 1.9910.05 1.9910.05
Cd-114 0.03410.003 0.03410.003 0.03610.003
Ba-137 0.38410.008 0.38410.008 0.38710.008
Pb-208 0.3310.01 0.3310.01 0.3310.01
U-238 0.00410.001 0.00410.001 0.00310.001
ND = None Detected 
na = not available
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Table 34. Sampling Protocol for Inorganic Digestions
Sample ED Substrate (g) Reflux acid 
(ml)
Final Dilution- 
1% HN03 (ml)
Acid Brand
6.20-26 94.00 100.0 50.0 Baker-Instra
6.26-7.11 100.0 100.0 50.0 Baker-Instra
7.11-18 150.0 150.0 50.0 Baker-Instra
7.11-25 150.0 125.0 40.0 Baker-Instra
7.11-8.01 150.0 125.0 40.0 Baker-Instra
7.11-8.08 150.0 125.0 80.0 Baker-Instra
7.11-8.15 150.0 125.0 40.0 Baker-Instra
9.05-12 200.0 200.0 50.0 EM-Tracer
9.26-10.3* 200.0 200.0 50.0 EM-Tracer
9.05-19 200.0 200.0 50.0 EM-Tracer
9.05-26 200.0 200.0 50.0 EM-Tracer
9.05-10.3 200.0 200.0 50.0 EM-Tracer
9.05-10.10 200.0 200.0 50.0 EM-Tracer
12.09-17 200.0 200.0 50.0 Baker-Ultrex
12.09-24 200.0 200.0 50.0 Baker-Ultrex
12.09-31 200.0 200.0 50.0 Baker-Ultrex
12.09-1.07 200.0 200.0 50.0 Baker-Ultrex
12.09-1.14 200.0 200.0 50.0 Baker-Ultrex
2.20-27 180.0 180.0 50.0 Baker-Ultrex
2.20-3.06 180.0 180.0 50.0 Baker-Ultrex
2.20-3.13 180.0 180.0 50.0 Baker-Ultrex
2.20-3.20 180.0 180.0 50.0 Baker-Ultrex
2.20-3.27 180.0 180.0 50.0 Baker-Ultrex
Repeat o f one week sample
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Table 35. Estimated Attached Biomass - Bead Samples
Sample ID Before Digestion (g) Post Digestion (g) A (mg)
method blank-1 10.1162 10.1157 0.5
method blank-2 10.0646 10.0645 0.1
method blank-3 10.0839 10.0836 0.3
method blank-4 10.0090 10.0085 0.5
method blank-5 10.1291 10.1282 0.9
mean = 0.46mg
Sample ID Fouled Weight (g) Clean Weight (g) A (mg)
90512 (40) 9.4433 9.4425 0.8
90519(41) 9.8588 9.8504 8.4
90526 (40) 9.4106 9.4049 5.7
905-103 (40) 9.3292 9.3065 22.7
905-1010 (40) 9.1994 9.1784 20.7
Z = 58.6 mg
12917 (-) 10.0223 10.0219 0.4
12924(41) 9.8748 9.8737 1.1
12931(41) 9.8601 9.8582 1.9
1209-107 (42) 9.9541 9.9523 1.8
1209-114(41) 9.9011 9.8689 32.2
Z = 37.4 mg
22027 (-) 10.0022 10.0018 0.4
220-306 (-) 9.9836 9.9831 0.5
220-313 (43) 10.0172 10.0071 10.1
220-320 (42) 9.9436 9.9367 6.9
220-327 (42) 9.9364 9.9221 14.3
Z = 32.2 mg
( ) = Denote bead count in sample A = Denotes biomass w/o method blank
Table 36. Lake W ater Temperatures (°F)
Summer temperature range for set was 76“F - 84°F 
Autumn temperature range for set was 77°F - 84°F 
Winter temperature range for set was 59°F - 62°F 
Spring temperature range for set was 55°F - 62°F
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APPENDIX n  DEFINITIONS
Fouling-the undesirable accumulation o f organic and/or inorganic deposits on a surface. 
Biomass-the sum weight of a developed biofihn which includes; (1) cellular weight,
(2) extra-cellular polymeric weight, and (3) ‘contaminant’ weight.
Biofilm-the attachment and growth o f microbial cells to a solid surface submerged in an 
aquatic environment.
Biofouling-the process o f biofilm development consisting of (1 ) m icroorgan ism s 
(2) macroorganisms, and (3) various detritus.
Microfouling-the initial biofilm development st%e responsible for accelerating other 
forms o f fouling.
Substrata- solid surfaces selected for monitoring biofilm behavior.
Extracellular Polymeric Substances (or Exocellular Polysaccharides) -
rigid organic material responsible for: (1) cohesive forces within the biofilm,
(2) nutrient absorption, (3) environmental ‘protection’, (4) intercellular 
communication within the biofilm, (5) short-term energy storage, and
(6) intercellular genetic transfer.
Absorption- the penetration and interaction o f a substance with those of another phase, 
(e.g., water phase components with the biofilm)
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Adsorption-the interphase accumulation or concentration of substances on a substratum. 
Desorption-the movement of a substance from the substratum back into the surrounding 
liquid.
Attachment-the capture/entrapment o f cells within a biofilm (e.g., interaction o f bulk 
hquid with biofilm components)
Detachment-the process of disrupting cellular material growth/metabolism.
Shearing-the continuous removal o f small portions of the biofilm, dependent on fluid
dynamics. The rate of detachment increases with increasing biofilm thickness.
Sloughing-the random, massive removal of biofilm attributed to nutrient depletion within
inner layers of the biofilm.
Continuous Flow Stir Reactor- A vigorously stirred tank which there is a  continuous
flow o f reacting material, and from which the reacted
material and product pass continuously.
Direct Enumeration-total cell counts o f a biofilm used to monitor biofihn development.
Gradient-the rate at which a variable physically changes in value per unit change.
Disinfection-The process of inactivating cellular material growth/metabolism.
Conditioned surface-The adsorption o f an organic monolayer (proteins, nucleic acids,
and monosaccharides) to a solid surface which changes the
properties of the surface, conducive to bioaccumulation.
Diatoms- A class o f microscopic planktonic unicellular or colonial algae with silicified
skeletons (e.g.. Genus amphora)
Anti-fouling Synergy- A method o f biofilm control which involves two treatment
compounds (e.g., copper and chlorine)
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APPENDIX m . NOMENCLATLfRE
UNLV- The University o f Nevada, Las Vegas (Las Vegas, NV)
HRC- The Harry Reid Center for Environmental Studies (Las Vegas, NV) 
SIO-The Scripps Institution of Oceanography (La Jolla, CA)
CBE-The Center for Biofihn Engineering (Bozeman, MT)
E.P.A-The Environmental Protection Agency (Cincinnati, OH) 
U.S.G.S-The United States Geological Survey 
ONR-The Office o f Naval Research (Arlington, VA)
ICPMS- Inductively Coupled Plasma Mass Spectroscopy 
UV/VIS-Ultra Violet/Visible Spectrophotometry 
AA-Atomic Absorption (Flame) Spectrophotometry 
CFSTR-Continuous Flow Stirred Tank Reactor 
SEM-Scanning Electron Microscopy 
HPLC-High Performance Liquid Chromatography 
GC-Gas Chromatography 
TEM-Transmission Electron Microscopy 
CSLM-Confocal Scanning Laser Microscopy 
FTIR-Fourier Transform Infrared Spectrophotometry
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ATP-Adenosine Triphosphate
EPS-Extracellular Polymeric Substances or Exocellular Polysaccharides
'PA.-Pseudomonas aeruginosa biofihn
TRC-Total Residual Chlorine
BCR-Bromochlorohydantoin
TBT-Tributyltin
DNP-Dinitrophenol
Cu-Ni - Copper Nickel alloys (e.g., 70-30 Cu-Ni)
P V C-Polyvinylchloride 
POM-Particulate Organic Matter 
DOM-Dissolved Organic Matter 
SPM-Suspended Particulate Matter
Conc.-Concentration
A-Surface area for biofihn accumulation
p-Density o f biofihn
PPM/PPB-Part Per Million/Part Per BiUion
CD-Chlorine Dosage
jim-Micrometer
HCHO-Total carbohydrate content o f microfouling material 
BAF/BCF-Bioaccumulation factor/Bioconcentration factor
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